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k‘ Preface

I The latest advances in Helmet-lMounted Sight technology provides a
widé range of possible applications that take advantage of the head's
N natural aiming ability to control a sensor or weapon. As is the case
with most modern weapon systems, before any hardware is built, a model or
simulation of the proposed system is developed to predict the performance
Si of the equipment configuration. Since the Helmet-Mounted Sight may be a
!. component of these systems, then it to0 must be part of the simulation.
In order to simulate the performance of the Helmet-Mounted Sight in the
proposed weapon system, an accurate model of the sight and the factors
that effects its accuracy and performance must be developed. It is the
intent of this study to develop such a model. The performance of this
model in a simulation program is presented after the development of the
model, to demonstrate the effect of an improved model on the simulation
results.

The achievement of the results presented here would not have been
possible without the support and guidance rendered me by Lt Col Robert M.
Edwards, my thesis advisor, and Mr. Stanton H. Musick, the project
sponsor. The opportunity to work with these gentlement has been a
valuable and enjoyable educational experience.

Finally, I wish to thank my wife, Carol, for her love and

understanding during this challenging period.

Wayne R. Clubine
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e for the Helmet-Mounted Sight Svstem. This model is designed
i! to generate the HMS aiming errors that are encountered when
?;: the sight is used in the Navigation Update role. This report

details the research performed to identify. catagorize, and
rmodel the Helmet-Mounted Sight (HMS) errors. The HMS error
model includes errors generated by the human operator., the HMS

equipment, the vibration enviroment) canopv refraction, and

the system boresighting procedure. The final portion of this
report demonstrates the performance of this model in a Monte

Carlo simulation program.
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*“"ELING THE HELMET~-MOUNTED

SIGHT SYSTEM

I Introduction

This report presents the development of an error model for the
Helmet-Mounted Sight (HMS) system. The model is specifically designed to
generate the HMS aiming errors that are encountered when the sight is
used in the Navigation Update role. The bulk of this report details the
research performed to identify, catagorize, and model the Helmet-Mounted
Sight errors. The final sections of this repcrt demonstrate the use of
the HMS error model in a Monte Carlo simulation program.

Modern aircraft require accurate estimates of the aircraft
acceleration and velocity for precise navigation and weapon delivery.
This requirement has led to the development and use of onboard inertial
navigation equipment. Conceptually the inertial navigation system is
self~-contained, but in practice its performance deteriorates seriously
with tine, unless external indications of the aircraft position,
velocity, or attitude are used to remove or bound the system errors. The
use of external measurements, properly accounting for measurement and
sensor errors, has become the primary means of improving inertial
navigation accuracy.

A new method of providing update information to the imertial
navigationAsystem is currently being studied by the Air Force's Avionics
Laboratory. This inertial aiding technique is called the Low Altitude
Navigation Augmentation (LANA) system. This concept first proposed by

the Charles Stark Draper Laboratory (CSDL) is a passive, self-containing

--------------------
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neans of conducting head-up, low altitude flight operations, with
enhanced navigation performance. With this system, the pilot, using a
helmet-mounted sight, takes a position fix of a presurveyed landmark that
has been cued for him on.-his head-up display. The bearing angles which
describe the attitude of the helmet are processed through a Kalman filter
and used to update the inertial navigation system (Ref 1:1).

A working simulation of ‘the LANA system has been developed by the
Avionics Laboratory for a typical mission scenario. The present
simulation employs a necessarily simplified model of the helmet-mounted
sight errors, because the information to identify and define the full
range of these errors was not readily available. This application of the

HMS is not known to have been previously studied.

Research Goals

.helmet-mounted sight system errors. Once an error model was developed,

...........

The objective of this thesis was to identify, define, and model the

this model was to be implemented into the truth model of the LANA
simulation. The truth model or "reference model” is the best, most
complete mathematical model of the real world system under study. In a
simulation program the truth model supplies information that normally
would be generated by the real world environment. Finally, a sensitivity
analysis was to be performed with the new truth model, and changes to the

simulation Kalman filter would be considered to reflect the improved HMS

model.

Background
As previously mentioned, the Low Altitude Navigation Augmentation

(LANA) concept uses a Helmet-Mounted Sight (HMS) to allow the pilot to




......................

EAS

;i . take position "fixes" with which to update the aircraft Inertial

ii :5; Navigation System (INS). The current method of taking a position fix

tg requires the aircraft to overfly the landmark. However, under actual

gﬁ combat conditions it may be inconvenient or hazardous to fly directly

ii over a known checkpoint. With a helmet-mounted sight it is possible to
take a position fix on a landmark which is offset some distance from the
aircraft’s flight path, and to do it with minimal pilot workload.

ii The LANA system uses information about a particular area of terrain

ﬁgf which has been obtained from airborne or satellite reconnaissance. The

g;i prominent features and landmarks of a predetermined course over this

terrain are stored in the navigation computer as land-mass data. As the
aircraf£ flies along the course the on-board computer projects onto the
Head-Up Display (HUD), a simulated outline of the terrain which the pilot

(!! should see before him. This outline is generated based upon the

‘ aircraft's estimated position and the available land-mass data for that
position. A navigation update begins when the pilot searches out and
identifies a pre-surveyed landmark that has been cued for him on the HUD.
He aligns the reticle on his HMS with the landmark and signals the
on-board computer that alignment has been achieved. At this instant the
bearing angles that describe the helmet's line-of-sight are read into the
navigation computer and used in a'Kalﬁan filter to limit error growth in
position, velocity, and attitude (Ref 1:2).

If this system can be made to perform as envisioned it can offer a

}f number of significant advantages. The principle benefit is the ability

to take position fixes without having to overfly heavily defended areas.

V..

] There is also a reduction in the aircrew workload, "by using the natural
< . .

{ head-up tracking abilities of the pilot it permits a completely head-up

3

''''''' et e T T e - Tt . ia . PSP Uy LI LAY SP |

[ S AV S



PR

ST
PRI

[
b
E,.
%
:

and hands-free means of updating the INS" (Ref 2:29). This system has
advantages in weight and cost when compared to other means available; it
is self-contained and cannot be easily disrupted by enemy

countermeasures.

Sequence of Presentation

This report has been structured in‘the following manner:

1. Chapter II describes the approach takem to develop the error
models and presents the models in summary form. A brief description
of the LANA simulation program and its use of the Monte Carlo

simulation program SOFE is presented.

2. Chapter III defines and describes the different ways of
expressing statistical measures of error that are used in the

literature and appear in the subsequent chapters.

3. Chapter IV to Chapter VII are the detailed analysis of the
individual HMS errors and the development of a model for each error

source.

4. Chapter VIII takes all the models from Chapter IV through
Chapter VII and discusses their implementation into the truth model

of the LANA simulation.

5. Chapter IX presents the results of a number of Monte Carlo
studies to demonstrate the effects of the new HMS error model on the

LANA simulation.

6. Chapter X presents the conclusions and recommendations which

were derived from this study.




T T =Y
i
L )

AP | j?’.;‘", T v ‘ ﬂ;_'.“'.‘_'

Tk

. o
st veaae
e 'z e

.................

o

R T S e P DRI S WY e L e st ottt e ° L et PR PR S 2P “_‘~-L-.
el aiaN At A taiatalatatalatat e Satatasar K atadostamiin

.......

II Approach

LANA Program

The Avionics Laboratory is examining the LANA concept through Monte
Carlo simulation. The LANA simulation was implemented using a general
purpose program called SOFE, which stand for Jimulation for Qptimal
Filter Evaluation (Ref 3). This program requires the designer to supply
user-written subroutines which specify the system under study, including
both the truth and filter models. The filter model refers to the Kalman
filter that is used in the simulation. The Kalman filter is data
processing algorithum. In the simuiation program it represents a
computer program in the aircraft computer which calculates estimates of
quantities of interest that describe the states of the system. For
example, in the LANA simulation the position measurements are used to
also update the position, velocity, and attitude. The reader is referred
to the SOFE user's manual (Ref 3) for a complete description of the SOFE
progran.

Because of the nonlinear nature of the bearing angle measurements,
the LANA Kalman filter is implemented in SOFE as an extended Kalman
Filter. This simulation is cﬁpable of updating the aircraft position
relative to the landmark using only the agimuth and elevation angles (the
bearing angles) of the line-of-sight (LOS) pointing vector to the
landmark. The LANA simulation also contains the ability to update the
INS using laser range measurements from the aircraft to the landmark.
This capability has been shown by Avionics Lab personnel to help
stabilize the Kalman filter, but will not be explored in this report.

The range measurements provide an independent measure of the target range

- . N e




to overcome thg basic observability problem which arises when only
bearing angle measurements are used to calculate the LOS pointing vector
and range to the landmark. The range state in the Kalman filter can
become unobservable when only the bearing angle information is provided
in the measurement. This observability problem arises from the
uncertainty of the estimate of the aircraft velocity. Without the range
measurement it is possible that the estimation error of the range would
not decrease, regardless of how long measurements were taken. The range
measurements help to stabilize the Kalman filter, but the observability
problem was not severe enough to mandate the use of the range finder (Ref
29:46). The complete description of the reference frames used and the
non-linear and linearized measurement equations are presented in Ref 1,
titled, "Landmark Observation Equations for Kalman Filter Update in
LANA."

The LANA simulation uses data from the trajectory driver program
PROFGEN (Ref 4). The mission and hence each Monte Carlo runs lasts for
7200 seconds (2 hours). For the first 1440 seconds (24 minutes) the
flight is over water during which time no position fixes are possible.
After landfall at the 1440 second point, update measurements are taken
approximately every 300 seconds (5 minutes) until the end of the mission.
These update measurements occur in a three measurement bursts, each
update consisting of an azimuth and elevation measurement for Kalman
processing. The three measurements within a burst are spread over a
three second interval. This update measurement sequence simulates a
mission where a landmark is cued to the pilot on his HUD every five
minutes; at that time the pilot finds the landmark and takes three

-

successive position fixes with the HMS as he closes on the landmark. 1In

.................................................
.........................
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the LANA simulation, three nominal ranges are employed for initial fix
range in any burst series, 20,000, 15,000, and 10,000 feet.

The original LANA program which has the simplified HMS model,
contains a 49-state truth model and a 15-state filter model. Table 2.1
shows the truth states used while Table 2.2 illustrates the filter
states. Truth states one through forty-seven represent Widnall and
Grundy's error model for the Litton LN-15 local-level INS, with a
barometric altimeter altitude reference model (Ref 5:143). Truth states
48 and 49 are the azimuth and elevation first-order Markov processes
which were used to model bias type error for the two components of the
LOS bearing angle measurement. Filter states one through thirteen are
the reduced order representative of the original 49 truth states. Filter
states for the HMS measurements 14 and 15 are intended to model truth
states 48 and 49.

This study will not alter the structure of the first 47 truth
states, nor the first 13 filter states of the original model. The truth
and filter states which represent the helmet-mounted sight errors will be
modified or replaced as a result of the HMS error model development

detailed in the following chapters.

Helmet-Mounted Sight Error Overview

To assist the reader's understanding of the structure of the HMS
error ﬁodel, which will be developed in the remaining chapters, the
following overview of error sources is presented. A detailed review of
the literature and discussions with Air Force engineers working with HMS
systems has resulted in the catagorization of the HMS errors into three

groups. First, there are the errors resulting from the human factor, or

7
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human operator. Since the pilot is part of the overall system, his

aiming errors are a component of the total system aiming error. Next are
the errors resulting from the environment. These include vibrational
effects on the human and canopy refraction effects. Last are the HMS
equipment or hardware related errors, i.e. the inherent inaccuracy of the
helmet-mounted sight itself. To clarify the terminology that will be
used in this report the term Helmet-Mounted Sight System, with the

smphases on system, is intended to include all the HMS system components,

-, the operator, enviromment and the HMS equipment. The term HMS system
model is an all-inclusive term referring to the combined operator,

:i environment, and equipment models. The term HMS model refers to the HMS
equipment model only.

- The errors and their relationship to the landmark measurements are

e modeled as follows:
Agzimuth Component

Zas = %z * Buu,, * Byib,, * Ecany, * EHel,, * EBs,, * Vaz  (2-1)

Elevation Component

~

g1 = ZE1 * EHug, * Evivg * Ecangy * BHelp, * Emsg * vEr  (2-2)

where EAz and'ZEl represent the agzimuth and elevation measurements.

%); and Zg) represent the sine of the true azimuth and

elevation measurements.

EH“A:&EI are the azimuth or elevation components of the human

sighting error.

EVibAz&El are the azimuth or elevation components of the

vibration error.

Ec‘nAz&El are the azimuth or eleyation components of the canopy

refraction error.
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EuelAz&El are the azimuth or elevation components of the helmet
HMS readout error.

EBSAz&El are the azimuth and elevation components of the HMS
initial alignment errors.

VAz&EL is white measurement noises added to the azimuth and
elevation components of the measurement to account

for the unmodeled error sources.
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III Error Describing Terms

The performance of the LANA system is influenced by a variety of
disturbances, and describing the estimated performance of this system
requires knowledge of the probability distribution of these disturbances
or errors. The experimental data from the literature, upon which the
models of these errors are based, were often condensed into & single
measure to be used as a performance indicator. But the use of different
measures by various authors can cause difficulty in making comparisons.
This chapter is intended to make such comparisons easier, by providing

the relationships between the commonly used error measures. These

relationships are the basis for the conversions used in later chapters.
The most commonly used forms to express the results of two

dimensional target aiming experiments are as follows:

Mean Radial Error (R)

Standard Deviation of the Radial Error (op)

Root Mean Square Radial Error (RMSp)

AT ANAAREYCEER
‘.' Y T, l. ‘a .

-

Circular Error Probable (CEP)

?

?? Mean of the Azimuth or Elevation Error (Az,El)

%i Standard Deviation of the Azimuth or Elevation Error (°sz°El)

b

E} The LANA simulation requires that the helmet-mounted sight system errors
E¥ be specified in terms of the azimuth (horizontal) and elevation

Eg (vertical) components of the pilot's line-of-sight vector. Therefore the
;; effects of the corrupting errors will also be evaluated and modeled in

Ei terms of their azimuth and elevation components. The units of

f% .. measurement will be standardized to feet, seconds, and radians.

- 14
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The most commonly used means of describing target aiming error is

some measure of the radial error, where

Radial Error (R) - is the angular distance between the vector from
the eye to the target and the vector from the eye

to the aim point. See Figure 3.1.

{ RADIAL gRROR
EYE ANGLE (eR)

Figure 3.1 Definition of Data Terminology

If the experiment has some form of systematic error or bias, then
the errors may be expressed in any of the forms shown in Figure 3.2. If
the experimenter has removed the system bias, either physically or

statistically, then the errors will have a distribution which is centered

over the target. This correction moves the center of the tracking
centroid, shown in Figure 3.2, to the target location. These errors ar:

typically described by one of the terms shown in Figure 3.3. The head

15
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CEP ABOUT
TARGET

CEP ABOUT
AIMING
CENTROID

HEAD AIMING

DISTRBUTION CENTER OF HEAD

AIMING DISTRIBUTION

Figure 3.2

Data Terminology for a System with a Bias (Ref 6)

EYE

HEAD AIMING
DISTRIBUTION
CENTERED
ABOUT
TARGET

~~
\

CEP ABOUT TARGET &
' HEAD AIMING CENTROID

Figure 3.3

Data Terminology for an Unbiased System (Ref 6)
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tracking distribution, in most experiments, is centered about the target
such that there is a zero mean error distribution, or the sum of the X
and Y components of the aiming errors approaches zero as the number of
measurenent becomes large.
From Figure 3.1, we can see that if the radial error angle (OR) is
small and the LOS is perpendicular to the target board then
o = tan~! (P = P (3-1)
where d is the distance from the eye to the plane of
the target,
and R = radial error =\X2 4+ y2, (3-2)
Then the mean radial error (R) is
R = E[r] = EVR2 + ¥2), (3-3)
The variance of the Radial Error (o:) is
o2 = B[(r - B[R])2), (3-4)
and the Standard Deviation of the Radial Error (°R) is

o =\JoZ (3-5)

R

Bivariate Normal Distribution. The bivariate normal, or the

two-dimensional Gaussian distribution, can be represented as the joint

probability demsity function of the form

- 1 - ] (3‘6)
§(x,y) ZronoyVi=f? ¢ G/2
vhere
- (x—x) (x=%) ( (y-y)?2 _
6= {- 7= 92)[ 29——1-y—°x oy +—¥;§7]} (3-7)
given that X and Y are continuous random variables

9 is the correlation coefficient between X and Y
(x,y) is the mean of this distribution.

Therefore the probability that any point (x,y) falls in a region S of the

17
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X,y-plane is

"j " P(s) = 51 §(x,5) dx ay (Ref 7:97). (3-8)

Circular Case. In the case where gy = oy = g and the correlation
coefficient @ = O, then the normal or Gaussian distribution is called
- circular. The probability density corresponding to-‘{-(x,y) is
§(R) = (R/2) e -F2/22,
where R = (x-%)2 + (y-37)2, is the radial error.
The probability ellipses have become circles. When the systematic error,

or system bias has been removed, then the point (x,y) is located at the

origin and

X = 0.0,
y = 0.0.
The radial error becones
(A R =\V2 + 2.
The majority of the error terms in this literature are expressed in
terms of radial error (R). Because the LANA simulation requires the

errors be broken into their azimuth and elevation components, all the

. Pri)
LA

error values are converted to the bivariate normal distributions. Most

o 4
.

of the results for target aiming experiments in the literature have zero

mean error distributions. Unfortunately, the experimental results do not

RO I ST

usually indicate if the error distribution is isotropic or uniform in all

directions or whether there is any correlation between the errors.

t

LSRN
. .
S

Therefore, lacking any information to the contrary, unless otherwise

Ll 4
.4

stated, all the error distributions will be assumed to be zero-mean,

bivariate normal distributions, where Opz * %51 = 9, and the correlation

P P

Lo

coefficient @ = O. From here onwards this error distribution shall be

oy

2 s
[ BT R S

called the “"Circular Distribution"”. The circular error probable (CEP)

Lant bt 4
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can be defined as the circle of radius R into which 50% of the

probability distribution lies, and

CEP = 0.5887 [o, + oyl (3-9)
This formula is an approximation which is good over a wide range of oy
and oy (Ref 7:101).
For the circular case, when oy = Oy = O, then CEP = 1.17740 .

Rayleigh Distribution. The Rayleigh distribution has wide applicationms

to two dimensional target problems; since the value of the radial error
(R) is always positive and maps into the set of positive real numbers.
Rayleigh distributions are part of a family associated with the Gaussian
or normal distributions, where the bivariate normal random variables x
and y are mapped to the Rayleigh distribution using the function
This association can be seen by comparing the Rayleigh distribution
functions shown below with the circular case or equiprobability Gaussian
distributions discussed previously. The Rayleigh probability density
function is shown in Figure 3.5.
For the one dimensional case:

Rayleigh Distribution, s(x) = _52 -x2/2.? u(x), (3~10)

where U(x) is the unit step function

u(x) = {o) X0
In the two-dimensional case, the probability density function is
£ (x,y) -_1_2e-(x2+y2)/2a2. (3-11)

2%0
Now, when x and y are related such that

W=l

then £(R) = R e R20 y(g). (3-12)
. 92
where U(R) is the unit step function
19
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error, standard deviation of the radial error, and the root mean square

radial error are all using the Rayleigh distribution to describe the

U(R) = {

aiming errors.

1, R>0
0, R<O

Thus, the experimental results that are expressed in terms of mean radial

ol
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RMS ERROR/CHANNEL

3,35 —
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]
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MEAN RADIAL ERROR
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q———b

le—1.1774 ——

+—1.2533Q —
r——1.414C§

RADIAL ERROR

Figure 3.5 Rayleigh Distribution (Ref 9:104)

Conversion Formula

In order to use the experimental data from the literature and

compare the findings, a means of converting from the Rayleigh

distribution to the bivariate normal means of expressing data is desired.

Since the LANA simulation requires that the errors be expresed in terms

of the azimuth (x) and elevation (y) components of the error, the

following conversion formula will be used to perform the conversions.

These formula assume a circular normal distribution with the errors

20




. centersd on the target with oy oy = o and @ = 0.
i o The {ollouwing relationship is used to convert from the Rayleigh to the
bivariate normal distribution:

(R) R =\Jx2+y° (x,y)

- Rayleigh <— ~> Bivariate Normal.
The conversion formula are:

o Mean Radial Error R = E[R] = 9@;'= 1.25330 = 1.0645(CEP) (3-13)

- . (Ref 7:100)

koot Yean Square -

Radial Error rMSg = B[R?] = /242 (3-14)

(Ref 7:100)

Variance of

Radial Error o2 = (2 -3) 2 = 0.4292,2 (3-15)
R (Ref 7:130)

Circular Error

Probable CEP = 1.1774¢ (3-16)
(Ref T7:100).

c

Terminology

There are three terms that are commonly used to describe the
pointing or aiming process. These are "HMS sighting"”, "HMS aiming", and
"HMS tracking". In this report the term HMS tracking is mean to imply
the process of continually following or tracking a moving target with the
sight. The term aiming is used when the target is stationary, and also
to describe the instant in time when the HMS operator presses the button
to record his aim point for moving targets. The term sighting is an
all-inclusive term which can be used in place of either aiming or

tracking and usually implies a combination of these actions.
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IV Errors Due to the Human Operator

l : Historically, investigations of human tracking and aiming behavior

’ have involved the use of some type of hand-operated control, i.e.

tﬁ force-stick, track-ball, or a combination of multi-axis controls. In most

' cases, the operator's task involves accurate hand/eye coordination to

| minimize the error between a fixed or independently moving reference
point and a moving target. The input to the operator is typically

visual, and the output is a movement of hand-operated control (Ref 10:2).

A number of proposed models for the human hand/eye closed-loop control

)
y
b

;é

system are available in the literat;re (Ref 38 and 39).

The recent development of methods to accurately measure head
position has enabled engineers to utilize the head as a control device.
Subsequently, the human head coupled with a helmet-mounted sight (HMS)

!]! has been demonstrated to be a reliable and accurate means of making
precise control responses. Unfortunately, the recent advance in HMS
hardware developed have not befequaled by research into the head aiming

and tracking capabilities of the human. Unlike the hand-controlled

studies, there does not exist a generally accepted model for the movement
of the human head when used as a control device for aiming/tracking task,

and research results documented in the open literature are often

-V
s ' s

contradictory in nature. Since the interest in measuring human head

v
¥y
v 4

a3 2
iy A

sighting abilities followed from the development of the head position

measurement systems, it is not surprising that many of the experiments to

o e

measure head sighting accuracies were flawed by faults in the head

o

position sensing equipment available at that time.

The LANA system profits if the helmet-mounted sight can be aimed at

22
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the landmark with a high degree of accuracy. Since the purpose of this
study is to estimate Jjust how accurately this %a2sk can be performed, a
model of the pilot's aiming accuracy is essential. This chapter reviews
the experimental results documented in the literature; then this
information, supplemented by current research performed by experts in the

field, is used to develop a model of the pilot's aiming sighting.

Modeling Discussion

The development of an accurate model of the head sighting
capabilities is dependent upon obtaining quantitative data for pilot
performance using a helmet-mounted sight. A measure of this performance,
built upon the accuracy and precision of a controlled laboratory
experiment, together with data from flight testing, should yield a good
basis for a model. A review of the current literature indicates that the
following questions must be considered when attempting to quantify the
human factor:

1. How accurately can the human aim a helmet-mounted sight at a

static target?

2. How accurately can the human use a helmet-mounted sight to track

a moving or dynamic target?

3. What are the effects of the target’'s angular rate of movement

upon the pilot's aiming accuracy?

4. Does the position of the head affect a pilot's aiming accuracy?

5. What are the effects on sighting accuracy from the accelerations

or G-forces experienced by the pilot in the operational environment?

6. How do the whole body vibrations, which are transmitted through

the aircraft seat to the pilot, effect his sighting accuracy?

23
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7. What are the effects on sighting accuracy from the workload

stresses of flying an aircraft while using the HMS?

The vibrational effects are more complex than they may initially appear,

and have a significant impact upon the pilot's sighting accuracy. For

these reasons, a later chapter has been devoted to anawer this question.

Static Sighting Accuracy

A number of studies have been peformed to investigate the basic
human performance capabilities when using a helmet-mounted sight to aim
at stationary or static targets under laboratory conditionms (viz.
Nicholson, 1966; Hughes et al., 1970; Reichwein, 1970; Verona et al.,
1979). Often the static sighting tests were performed as portions of
more complex experiments, which were intended to study the effects of
vibration, target angular rate, or aircraft accelerations on the pilot's
aiming ability. The static aighting tests were used as a reference
against which the effects of these factors were compared. In each of the
studies, the experimental technique and hardware used were different, and
all of the experimenters attempted to remove from the sighting accuracy
results any systematic errors due to the equipment or experiment design.
Most of the experimenters also trained the subjects in the
aiming/tracking task until their learning curve became flat.

Nicholson (Ref 11) found that three subjects using a helmet-mounted
sight to aim at targets projected on a screen, had a combined sighting
error, expfessed as a standard deviation of radial error, of 0.13 degrees
(2.27 n}lliradians). He noted that, "it is important to keep in mind
that these accuracies were obtained when the subject's average response
times were only two seconds”; during which time he was required to locate
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the target on the screen, superimpose the reticle over the target ard

j : press the "pickle" switch (ikef 11:419). ‘Nicholson expressed the sichting

errors as a standard deviation of the radial error (op). He removed the
constant errors or biases by boresighting the sight and subject prior to
collecting the data. It is assumed that the error probability density

function is isotropic (uniform in all directions) and therefore the op

data can be converted to the circular distribution by using the

[
L
;.

conversions of Chapter II1. The sighting error becomes

02 = (2.27 ar)?

using  of = (2 - 3)% (3-15)

where & is the standard deviation of the bivariate normal

dis£>;bution and 0 = 0,, = Opy AZ = Azimuth EL = Elevation
therefore o = 3.45 milliradians
¢!} Hughes (Ref 10) measured the ability of six subjects to sight on a
o static target, over a 15 second interval, using a helmet-mounted sight.

The extra experimental equipment mounted on the helmet required that the

helmet be partially supported to reduce the asymmetric weight on the
subject's head. Some restriction of head movement was unavoidable.
However, Hughes felt that while the restriction may affect the data
quantitatively, the qualitative results would still be valid. After
removing the constant error or bias, the sighting error for the static
target, averaged over the six subjects and expressed as a standard

deviation of radial error was 0.14 degrees (2.44 mr). Again assuming a

DR HE ) ARMROO G SN i B B JONCIAC O RN

circular efror distribution, the aiming error, expressed as a standard

L

) deviation, is

(2.44)2 = (2 - 3)2
o = 3,72 milliradians
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A study by Verona et al. (Ref 12), was designed to investigate man's
head aiming/tracking ability in a simulated helicopter environment, using
a very accurate test device. An infrared telescope projector was mounted
on the helmet and boresighted with the helmet-mounted sight reticle. A
small light in the center of a photocell array was used as a target for
the subject to sight and/or track. As the subject tracked the target by
superimposing his reticle over it, the coincident beam of infrared light
would energize the appropriate photocell(s). This system was able to
measure static aiming accuracies to within 1.6 milliradians using a
target whose motion was controlled by the experimentor. Any systematic
errors or biases were removed by the experimenter by boresighting the
subject and HMS equipment prior to each trial.

Verona found that a subject aiming at a astatic target with a
helmet-mounted sight had a root mean squared radial error (RMSR) of 3.0
milliradians. Again the systematic errors have been removed, and
assuming that the probability density function of the aiming errors in
the azimuth (horizontal) and elevation (vertical) directions is
isotropic, with a zero mean, then the RMSp error can be converted to
values representing the standard deviation of the circular distribution
using the conversion formula of Chapter 1II as follows:

(Rasg)? = 2,2 (3-14)
(3.0 mr)2 = 242
o = 2.12 milliradians

Reichﬁein (Ref 13) conducted an experiment to determine the effect
of steady-state, positive accelerations (+Gz), on a subject's ability to
aim a helmet-mounted sight at a stationary target. Performance was

measured as a percentage of the time-on-target for a target exposure of
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&E = 20 seconds. The subject was considered to bé on target when he held the
reticle sight within a 0.25 degree (4.36 mr) circle about the target.
The one +Gz level (normsl gravity) was used as a reference level for
comparison with the higher g-level scores. At the 1.0 g-level, the
subject's were found to be capable of holding the target within the 0.25
degree circle for approximately 90% of the time, with a 10% standard
deviation between subjects. Again assuming that the distribution of the
errors are isotropic, then the Rayleigh distribution conversion to the
circular distribution gives

90% of the area under the Rayleigh curve = 2.1460 (Ref T:131)

and is 90% of the population is encompassed by the 0.25 deg solid

angle
therefore o = 0.25 deg/2.146

e o = 0.116 degrees = 2.03 milliradians.

From the summary of the preceeding results (see Table 4.1), it is
apparent that a human subject is capable of aiming a helmet-mounted sight
at static targets with an accuracy of between 2 and 4 milliradians.
After reviewing the four experiments, it can be shown that both Reichwein
and Verona used the more sophisticated and accurate error measurement
techniques. This fact combined with the possible corruption of Hughes'
results due to the suspension sysfem ﬁsed to support the asymmetric

helmet weight, indicates that the actual sighting error of a pilot for

static targets may be closer to the 2 milliradian figure. Therefore for

r; the purposes of this model the LANA pilot will be considered able to aim

fg at static targets with an accuracy of between 2 and 3 milliradians, one

sigma. The actual value of static aiming accuracy was selected to be 2.6
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milliradians, one sigma value. This value was determined from

Nicholson's dynamic accuracy data described later in this chapter.

TABLE 4.1

Summary of Static Target Aiming Accuracy Results

Source Aiming Error, Expressed as a Standard
Deviation of the Circular Distribution

Nicholson (Ref 11) 3.465 milliradians
Hughes (Ref 10) 3.724 milliradians
Verona et al. (Ref 12) 2.120 milliradians
Reichwein (Ref 13) 2.033 milliradians

Dyanmic Sighting Accuracy . '

From the preceeding section it is apparent that reasonably high
levels of aiming accuracy are possible, for static targets, while using
the helmet-mounted sight. The objective of this section is to review the
experiments which have been conducted to measure how accurately a subject
was able to track moving targets, using the large and small muscle groups
of the neck and shoulders.

Pursuit tracking is the tracking mode used in the majority of the
experiments, and is "similiar" to the tracking mode(s) that are expected
to be used in the LANA system. Pursuit tracking is best illustrated by a
ground-to-air gunnery situation. The gun crew is fixed in one location
while the target aircraft traces either a predictabie or evasive path
from one line-of-sight (LOS) to another. The gun crew's task is to place
the weapon's reference mark over the target and keep it in close
proximity during the tracking and firing sequence. The task of the pilot
in the LANA system is to track stationary ground targets from his moving
cockpit. As the target passes through his field-of-view (FOV), he must

take one or more "fixes" or sightings of the target using his

28
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helmet-mounted sight reticle (Ref 5).

1t is important to note that his task is not =xuctly the same as
that of the gun crew. While the gun crew must continuously track his
target, the LANA pilot instead attempts to align his reticle with the
target, as accurately as possible, at some point(s) in time along it's

path, and fix or "pickle" the target. This difference between the
continuous pure pursuit tracking mode and the sight and pickle mode is of
vital interest, since most of the experimental data in the literature
involves measuring man's ability to use the helmet-mounted sight in the
pursuit tracking mode. This means that when the subject is instructed to
employ a pursuit %tracking mode, his aiming errors are not necessarily the
same as those that would be generated if he were simply instructed to
take one or more fixes of a moving target, only when he thought he was on
target. We would expect that the aiming errors for the sight and pickle
mode will be less than those for the continuous tracking mode, since the
operator can determine the instant at which he declares he has a valid
sighting. The sight and pickle mode is expected to be the aiming method
adopted by the LANA pilot.

Since the target is a stationary landmark, then the movement of the
target as seen from the pilot's point-of-view in the cockpit, is a very
predictable path. Depending upon the maneuvers that the aircraft is

making, the target path will be straight or slightly curving. The

angular rates of the target are rarely greater than 20 degrees/second and
are normaliy less than 10 degrees per second. It is expected that the
sighting errors for a target_moving atllow angular rates along a
predictable path will be substantially smaller than errors that arise
from tracking an evasive target which is moving at high angular rates,

29
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such as is found in the air-to-air combat enviromment.

Sighting Modes-Dynamic Targets. Furness (Ref 6), in studies

conducted at the Royal Aircraft Establishment, found that pilots
developed a different tracking mode, as compared to the pure pursuit
mode, when asked to align and pickle targets that were moving at angular
rates below 20 degrees per second and moving along a predictable path.
The pilots, once they gain experience at performing this task, tended to
develop sighting modes which are a function of the angular rate of the
target. These are the modes that the pilot adopts when he is given
instructions to pickle a moving target, one or more times during a
sighting run and he is allowed to choose his own tracking method. The

sighting modes suggested by Furness are as follows:

Target Angular Rate Sighting Mode
0 to 2 degrees/second The same aiming mode as used for

static targets, with aiming errors of
the same type and magnitude as the
static target.

2 to 5 degrees/second Pure pursuit tracking mode, aiming
errors that are gero mean with the
standard deviation of the errors
increasing linearly with angular rate.

5 to 10 degrees/second Pilot leads the target by a constant
amount, i.e. a fixed bias with random
oscillations about the aim point.

10.to 20 degrees/aecond. The pilot aims ahead of the target and

and above - waits for the target to pass through
his aim point; as the target passes
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he pickles it. The aiming errors

are zero mean and the standard

deviation of the error increases

linearly as the angular rate increases

Unfortunately, estimates of the magnitudes of the bias and standard

deviations of the errors for each of these modes are not available in the
open literature. Therefore it is necessary to develop estimates of these
values from the results of experiments conducted to measure nan's ability
to aim a helmet-mounted sight at a moving target. Despite the fact that
the majority of these experiments required the subject to emploj the pure
pursuit mode at all times, these data can be adapted to provide
reasonable estimates of the aiming errors for the sight and pickle modes
suggested by Furness.

Dynamic Sighting Experiments. Nicholson (Ref 11) conducted

laboratory and flight test experiments to measure man's ability to sight
moving targets. The targets moved along predictable paths which ran
parallel to the subject's forward line-of-sight. The target's linear
speed was constant, while the target movement with respect to the subject
resulted in target angular rates of between 2 and 68 degrees per second.
This type of target motion relative to the observer is remarkably
similjiar to the expected motion of the landmark in the LANA system with
respect to the aircraft. The landmark will be sighted initially off the
nose of thg aircraft and as the aircraft flies towards and past the
landmark the apparent motion of the target will increase in angular rate.
The results of the laboratory tests are shown in Figure 4.1. This
plot of the standard deviation of radial error versus target angular rate
shows the decrease in performance as the angular rate increases. The
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broken line is Nicholson's least squares fit curve to the data. These
laboratory results are very important, since they measure only the human
aiming error, free from environmental conditions, that results from
aiming at a moving target. Environmental factors such as vibration and
G-forces are not present to corrupt the results.

In Figure 4.2 the same data points as shown in Figure 4.1 are used,
except that a piecewise linear curve fit has been performed to the data
over the specific angular rate intervals that Furness suggested for the
sight and pickle aiming model. These curves were found by performing a
linear regression on the data points that extend over each of the angular
rate intervals. The piecewise linear fit assumes no jump discontinuities
at the boundaries of the intervals. It can be seen from these curves
that although there are too few data points to be conclusive, the data
can also support the four distinct sight and "pickle" aiming modes
predicted by Furness.

The flight test phase of Nicholson's experiment had an extra data
measurement feature that the laboratory tests did not have. The pilot
was provided with a button with which he was instructed to pickle or
designate the target when he thought he had his sight perfectly aligned
with the moving target. Figure 4.3 is typical of the flight test plots
that were made for all subjects. The solid irregular line represents the
pilot's tracking error, i.e. the continuous error of the sight with
respect to the position of the target. The circles on this line
represent the pickle points, i.e. the instants in time that the subject
thought he was on target. The smooth broken curve represents the target
line-of-sight angular rate versus time, for each pass and are read off

the right ordinate of the chart. Nicholson found that, on the average,
32
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deviation of the pickled frames versus the tracking frames were:

Standard deviation of radial 3.0 degrees (52.3%6 mr)
error - tracking line

Standard deviation of radial 1.9 degrees (33.16 mr)
error - pickled points

Because these errors are corrupted by environmental conditions and
therefore are not representative of the sighting ability of the subject
alone, the magnitude of the error is not of interest. However, the
relative change in the standard deviation of radial error between the
tracking and pickling line of Figure 4.3 is significant. If we can

assume that & reduction in the standard deviation of radial errors

equivalent to that seen in the flight test data of Figure 4.3, would also
- occur had the subject's in the laboratory tests been able to "pickle" the
P ﬁ targets, then by reducing the magnitude of the radial errors in the plots
i _ of Figure 4.1 and 4.2 we can generate a more representative estimate of

X the errors made during the tracking tasks of interest. Using this

Fl assumption, the reduction of approximately 37% from the tracking mode to
E the pickling mode can be used to convert the laboratory data from the

E pure tracking mode in Figure 4.1 to data which approximates the sight and
é pickle mode. Figure 4.4 shows the data points of Figure 4.1, and the
sight and "pickle” aiming curve from Figure 4.2, both reduced by 37%.
This curve now represents the aiming ability of the subject against

E? moving targets using the sight and "pickle" aiming mode.

[

The experiment conducted by Verona et al. (Ref 12), described in the

F. static aiming section of this report, measured man's ability to aim a
helmet-mounted sight at targets moving at an angular rate of 4 degrees

per second. The sighting errors for the subjects were
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Moving Target (4 deg/sec) 10.5 milliradians of RMS radial
Static Subject sighting error ‘Hef 12:47%)

4 How, converting this result to the circular distribution standard
- deviation values using the conversion of Chapter III, gives
- ) RMSg (at.4 deg/sec) = 10.5 milliradians
e '~ using RMSE = 20, assuming opg = ogp “o
: 0= 7.42 milliradians

In 1970, a study was conducted by Hughes et al. (Eef 10), to measure
the tracking capabilities of the human against stationary, predictable
path and evasive path moving targets. The predictable path targets moves
in either a straight line from one quadrant to another or a slightly
curved path across the subject's sighting area. The evasive targets
traced a path that made three or more random changes in bearing, of
between 90 and 270 degrees. Since this experiment was designed to
measure the change in performance between tracking predictable and
evasive targets, all the sighting accuracy data was collected at a single

value of angular rate. The angular rate of movement of the target with

respect to the subject was held constant at 6 degrees per second, for
both the predictable and evasive targets. After removing the constant

error or bias, the results were expressed as a standard deviation of

".‘a‘4 P

radial error (OR). These aiming errors are shown in column one of Table

vy

-y

4.2. Column two shows the same errors expressed as a standard deviation

of the circular distribution, assuming the error probability density

E function is isotropic. Column three gives the comparitive values fron
Ef Nicholson's results at the 6 degree per second angular rate. These

L; values ;ere reaq from Figure~4.4 and converted from the radial error to
.- o circular distribution representation of standard deviation.
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Figure 4.5 Aiming Error vs. "l‘arget_ Angular Rate - Sight and
Pickle Fit, and Other Experimental Data Points
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TABLE 4.2

(Ref 10:23)

Dynamic Sighting Accuracy, Comparison of Hughes and Nicholson Results

F' Target Std. Dev. of Circular Distribution | Nicholson's
Type Radial Error Std. Dev. of Results
og mr. Aiming Error (o) Std. Dev. (o)
Static 2.44 mr 3.72 mr 2.6 mr
Predictable 5.81 mr 8.87 mr 9.7 mr
Path (6 deg/sec)
Evasive 6.54 mr 9.99 *

Path (6 deg/sec)

®* Nicholson did not evaluate with evasive targets.

Figure 4.5 is a plot of the data points and curves from Figure 4.4
with the aiming errors converted from the standard deviation of radial
error (°R) to standard deviation values for the circular normal
distribution. The data points from the Verona and Hughes experiment have
been added to this plot. Although the results from Hughes and Verona are
limited to a singe angular rate, the close agreement with Nicholson's
results are remarkable. The curves of Figure 4.5 can be used to develop
a model for the pilot sighting accuracy for dynamic targets. The least
squares fit to the reduced data as shown in Figure 4.5 was performed as a
linear regression to fit the data in each angular rate segment, using an
HP-41Cv program (Ref 37). The results of this linear fit, with w being

the magnitude of the target angular rate (w) measured in deg/sec, are:

o, O0cfwg2 (4-1)
; o, + k,*(w-2) 2<w<5s
(w) 1ot ;
o 9 o, + k;*(3)+ kye (w-5) 5 < w g 10
;. o, *+ kf(3) + kye (8) + F3°(w-10) 10 < w
Fe
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where o (w) is the bivariate normal distribution standard
deviation of the aiming errors as a function of the
target angular rate (w).

2.6 milliradians

Q
—t
n

K1 = 2,54
-00055

~
N
[ ]

x3 = 1.15

assuming 9, (w) = ogy(w) = o(w)

Aiming Accuracy as a Function of Sighting Angle

A number of studies designed to measure man's t:acking abilities
also investigated the subject's head aiming performance at various
sighting angles, or look angles, away from the straight ahead position.
In 1966 Nicholson (Ref 11) found that the radial sighting error was a

function of both the angular rate of the target and the pilot's sighting

angle, the angle between the aircraft's heading and the pilot's line-of-

sight. His data showed that as the off-boresight sighting angle
increased, from O deg to 90 deg, the magnitude of the sighting errors
also increased. During a study completed in 1974, Grossman (Ref 15)
found that in his "Flight Evaluation and Pilot Sighting Accuracy"”
experiment, that the sighting errors were greatest at very small and very
large off-boresight angles, i.e. at 0 degrees and 150 degrees, and the
smallest errors were at the 90 degree angle.

The findings of these two experiments and other similiar studies
frequently contradicted each other. In an effort to resolve these
differefices, Monk et al. (Ref 16) conducted an experiment at the Air

Force Aerospace Medical Research Laboratory to evaluate head tracking at
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large angles from the straight ahead position. The subjects were asked
to track a randomly moving target at angular rates of up to 45 degrees
per second, over a field-of-view of *+ 55 degrees in azimuth and + 45
degrees in elevation. Monk found that there is no practical difference
in man's sighting accuracy as a function of his look angle, and that a
pilot is able to aim his helmet-mounted sight as accurately at any
sighting angle as he can at the straight ahead position.

To explain why Nicholson and Grossman did not reach the same
conclusions, the equipment used in these early experiments must be
examined. Apparently, the accuracy of the early versions of the
helmet-mounted sight could change as the helmet pointing angle was varied
in azimuth or elevation. This change in sight acuracy as a function of
the sighting angle is dependent upon the headware used at the time, and
serves to explain the contradictory findings (Ref 6). In contrast the
latest version of the Polhemus helmet-mounted sight that was used by Monk
in 1978, has statistically constant error over the entire range of the
azimuth and elevation angles.

Monk was careful to point out that pilot sighting accuracy is only
independent of his look angle when he is in a normal one G-positive
acceleration environment. Under G-loads the neck and shoulder muscles
which support the head are unable to support the extra weight of the head
equally at all sighting angles, and the aiming accuracy of the pilot

becomes a function of his azimuth and elevation sighting angles (Ref 17).

Effects of +Gz on Aiming Accuracy

e B it wilp N VI WA U WONT W W G Wy WL D WP AT L e P O S S U S S

In" 1970, Reichwein (Ref 13) conducted an experiment to measure the
effects of steady-state +Gz accelerations on a subject's ability to aim
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a helmet-mounted sight at stationary targets located at four extreme
positions in his field-of-view. The +Gz direction is defined as the
longitudinal direction of the spine, in the seated subject. An F-4
cockpit was located in a human centrifuge and the +Gz conditions ranged
form 1 G to 4.5 G. The targets were mounted inside the cockpit and
positioned as illustrated in Figure 4.6. The structure of the F-4 and
the visual display prevented the placement of a target at the O deg
azimuth - O deg elevation position. The subject's performance was
measured as a percentage of time on target for each trial. An example of
the results for the six subjects, sighting on target number one is shown
in Figure 4.7. The individual scores versus the G-level are plotted and
the least square error regression line is indicated. The drop in scores
between the pre-test condition and the 2 G values can be almost entirely
attributed to the vibrational motion of the centrifuge, since both the
pre-test and post-test scores were obtained while the centrifuge arm was
'stationary. Therefore, the least squares regression was only computed
for the dynamic run data.

The negative slope of the regression line indicates a decrease in
aiming performance as the G-level increases. Subject variability is
demonstrated by the plot of subject number five's plot in Figure 4.7,
where he shows an increased accuracy as the acceleration level increase.
This variability between subjects is a problem whenever measurements of
human response¢ or abilities are involved. Reichwein determined that the
subject's Qiming performance was poorest for elevated targetas and best
for eyejlevel targets. He indicates that a qualitative interpretation of
the data is more apprupriate than a quantitative interpretation for
several reasons. The experiment was preliminary in nature, there were a
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limited number of targets available, and the helmet-mounted sight used
was neither the type or weight of one that would ever find its way into
an operative system. He concluded from these tests that although aiming
performance does degrade as the G-levels increase, the loss in accuracy
is not as large as might be initially expected. He estimates that
performance is degraded by 8 to 10 percent, per G-level, depending upon
the azimuth and elevation look angles.

Unfortunately, this experiment is the only published study of aiming
accuracy under G-forces in the open literature. The data from this
experiment is insuffiient to use as a basis for a model of the
acceleration induced aiming errors. An evaluation of the proposed
trajectory for the LANA mission and the actual trajectory data used in
the LANA simulation indicates that there are minimal G-forces on the
pilot during those periods in which he is taking position measurements.
Since the pilot can control the amount of "G" he is pulling, it is
assumed that normally he will be taking measurements with the
helmet-mounted sight under the nominal one-G condition. Given this
assumption, and the fact that the effects of acceleration on aiming
accuracy are small, then this source of error will not explicitly
modeled. This error source will de treated as part of the additive
measurement noise which is included in each measurement to account for

the unmodeled errors.

Human Operator Error Model

The laboratory and flight test experiments which were designed to
quantify the aiming accuracy of the human operator have provided the
answers to most of the questions that were posed at the beginning of this
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- chapter. Briefly the answers to these questions are as follows:
i’ . 1. The human can aim a helmet-mounted sight at static targets with
: accuracies of between 2 and 3 milliradians. The actual value was
set at 2.6 milliradians expressed as a one sigma value.
ii . 2. The dynamic or moving target accuracy of the operator is a

function of target angular rate. The pilot aiming errors, at any
given target angular rate, can be modeled using Equation 4-1. From
Figure 4.5, it can be seen that the pilot's aimng error varies from
2.6 milliradians at an angular rate of zero degrees per second, to
approximately 20 milliradians at an angular rate of 20 degrees per
second.

3. Monk's experiment demonstrated that the pilot's off-boresight
azimuth and elevation look-angles do not effect his sighting

Q accuracy.

4. Research has shown that the pilot's aimiag accuracy is impaired

by acceleration or G-forces that are experienced in flight. The

precise nature or magnitude of this impairement has not been

adequately studied. Thus an accurate model of this error source
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cannot be formulated at this time.

Y

5. The effects of stress-level on workload upon the pilot's

sighting accuracy were assumed to be inherent in the experiments

.

3

f conducted under actual flight test conditions. In addition stress
-

?i vas induced by allowing the experimental subjects a relatively small
nd :

X time span to perform the sighting task.

Y

L

F{ Frém the above conclusions a model of the human operator's

4

contribution to the LANA system measurment error can be developed. The
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relationship for aiming error as s function of target angular rate, given
by Equation 4-1 forms the basis for this model. This equation can be
used to determine the value of the standard deviation of the azimuth and
elevation aiming error, assuming the errors have an isotropic circular
distribution. At this point it is appropriate to point out that an
adequate model for the human operator errors could have been developed by
simply using the Nicholson's curve of Figure 4.1. Even by ignoring the
sight and pickle sighting modes, the differences are small between using
Nicholson's curve as a model and the more elaborate sight and pickle
model. The reasons for using the sight and pickle model were to
demonstrate that the available data in the literature can support this
sighting hypothesis and to stimulate further research in this area. The
azimuth err~r is a function of the azimuth component of the target's
angular ra. d the elevation error is s function of the elevation
component of the target angular rate. The values of azimuth and
elevation error standard deviation will be used by the subroutine GAUSS
in SOFE to generate random numbers having zero mean and a standard
deviation value matching that value given by Equation 4-1. These random
numbers will be added to the azimuth and elevation components of the
neasurement at each measurement update cycle to model the corrupted, true

measurement.
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V Errors Due to Canopy Refraction

The requirement for good pilot visibility dictates that the optical
quality of aircraft canopies must be maintained while meeting the
stringent requirements imposed by high-speed flight.

While the optically ideal canopy is a flat plate, good aerodynamic
performance requires canopies that are inclined at low angles and have

curved surfaces. While these canopies provide a large unobstructed

field-of-view, they have undesirable optical effects and the optical
quality suffers due to their multi~layer construction. The optical
effects produced include changes in both position and magnification of

any object when viewed through the canopy (Ref 11:5).

RALANR ) it Piiried 4
oo N el e e

Since the LANA concept uses a helmet-mounted sight (HMS) to take
= position sightings, the presence of the canopy between the HMS and the

target will degrade the accuracy of the sighting. Thus an accurate model
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of the LANA helmet-mounted sight system must account for these canopy

induced errors.

Angular Deviation

There are a number of optical phenomena which can occur when objects

are viewed through a transparent material. Some of these include angular

R 1 §
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deviation, haze, multiple images, rainbowing (birefringence), and
distortion. Although any one of these may effect the pilot's ability to
locate a target, it is only the angular deviation effects which result in
sighting errors. Angular deviation is defined as the angular change of
direction of the light ray, caused by the bending or "refraction” of that
ray as it passes through a transparency (Ref 6:8). Distortion is often

described as the rate of change of angular deviation.
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Whenever a ray of light passes through a transparency at any angle
other than the normal (a "normal” is a line drawn perpendicular to the
transparency surface), several events occur (See Figure 5.1). One of
these events results in the lateral displacement of the ray by a
relatively small amount. This lateral displacement is usually
operationally insignificant beyond a few meters. A second event causes
the light ray to undergo an angular direction change. This angular error
can be quite significant when considering its effect on apparent target
position as seen by the pilot. For each milliradian (mr) of error, the
target's true position will be displaced from its apparent position by 1
foot for each 1000 feet of range. In other words, a transparency
inducing a 10 mr errcr will move the apparent position of a target,
located 3000 feet away, by a distance of 30 feet (Ref 6:9).

Angular deviations can alsc be caused by relatively local areas of
non-parallellism of the surfaces of the transparency. Figures 5.2, 5.3,
and 5.4 show examples of some of the angular deviation effects produced

by aircraft canopies.

Canopy Measurement Techniques

Current manufacturing teéhniques attempt to minimige the amount of
angular deviation in the forward area of the canopy. As shown in Figure
5.5, it is through this portion of the canopy that the head-up display
(HUD) and the weapons sighting accuracy is critical. It is important to
note that in the LANA system the HMS sighting area is not restricted to
this small area of the canopy, and potentially any area of the canopy
could be interposed between the HMS and the target.

Currently, all HUD equipped aircraft have iheir forward windscreens
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Figure 5.1 Lateral Displacement and Angular Deviation
Effects of Aircraft Canopies (Ref 19:8)
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Pigure 5.2 Angular Deviation and Displacement Produced
by Prismatric (Wedge) Errors (Ref 18:6)
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Figure 5.3 Canopy Curvature Producing Angular
Deviation and Displacement (Ref 18:6)

{Chonqe in Angular Deviation

Figure 5.4 Localized Variation in Canopy Shape Producing
Angular Deviation and Displacement (Ref 18:6)
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Pigure 5.5 Head-Up Display (HUD) Field-of-View (FOV) (Ref 18:37)
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(or canOpies) measured to determine their angular deviation, or induced
aiming error. Standards have been set to accept only those canopies
which cause little aiming error, and at least one aircraft HUD fire
control computer is provided with a means to compensate for the remaining
error. In the F-16 case, the Air Force has specified that the HUD field-
of-view area of the canopy shall have no angular deviation in excess of 3
milliradians (mr), and the Root Mean Square (RMS) average of the error
within a single canopy will not exceed | mr after compensation from a

calculated baseline (Ref 19:10).

Angular Deviation Measurement

The Air Force Aerospace Medical Research Laboratory (AFAMRL), has
developed a very accurate yet simple electro-optical device which
measures the "pure” angular deviation of the aircraft canopy. As shown
in Figure 5.6, light from an incandescent lamp is collected by a
condensing lens to illuminate the target slide. This collimated light
source is positioned such that the projection lens is approximately at
the design eye position, or observer position, for the canopy
(transparency) under test. The remainder of the system (the receiver) is
located on the other side of the transparency. The receiving lens
compensates for lateral displacement (thus eliminating that error source)
and images the target slide one focal length away. A beam splitter
divides the light into two approximately equal intensities, one channel
to measure azimuth (horizontal) deviation and one to measure elevation
(vertical) deviation. In each channel a gsegment of the target slide
intersects a charge coupled device (CCD) linear array and its assoclated

electronics. The target slide is shown in Figure 5.7. The image of the
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Figure 5.6 Pictorial Layout of Canopy Angular Deviation
Measurement Device (the canopy to be measured is
positioned between the projection lens and the
displacement compensation lens) (Ref 19:13)
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"L" is produced at the plane of the CCD array. The array is offset from
trhe cz%ical axis so that one leg of the "L" intersects the azimuth CCD
array as shown in Figure 5.8, while the other leg of the "L" intersects
the elevation CCD array. The change in position of the individual legs
of tne "L" between the canopy installed and the no-canopy condition is
mathematically related to the angular deviation of the canopy at the
point of measurement (Ref 19:14). This system is able to measure angular
deviation with an accuracy of 0.07 mr while holding an F-16 canopy in a
positioning fixture with an angular position accuracy of 0.1 degree (Ref

19:1%

Wl

Modeling Discussion

In order to develop a good model for the canopy-induced errors, we
require a means of measuring the magnitude and nature of these errors.

Unfortunately, canopy characteristics vary widely between aircraft types,

-igjwilriifu‘ﬁ'ﬂ'ﬂ
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and even canopies for the same type of aircraft are somewhat individual
with respect to their angular deviation properties. This fact makes it

essentially impossible to develop a good general model to represent the
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canopy errors. It is for this reason that most helmet-mounted sight
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accuracy studies ignore this error source; since the data are difficult

S

to generate and use.

IR ]

Yowever, a reasonable attempt at modeling this error source can be
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made if two assumptions are permitted. First we asaume that the F-16

aircraft is typical of those aircraft which might be used for the LANA

mission and second, that a particular F-16 canopy, selected at random, is

e

NS 0 W0

a typical member of the population of all F-16 canopies. By using a

single.F-16 canopy from which to take measurements to develop an error
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model, there is a significant risk of producing 8 point design model.'
Fortunately, as will be seen later, the compensation techniques used to
remove most of the error, also minimizes the individuality of the errors
in the canopy, which remain after compensation. In addition, the time
constraints on this study and the number of available F-16 canopies
precluded taking measurements from more than cne sample canopy.

The overall canopy distortion compensation process proceeds as
follows. The measurement data from a matrix of canopy locations are used
to produce a polynomial curve fit to the data. A separate polynomial is
computed for the azimuth and elevation angular deviation data. These
polynomials are the calculated baseline used as the compensation curve to
remove most of the canopy errors, and as the canopy acceptance criteria.

The polynomial coefficients are affixed to each canopy as "nameplate
values” for later input to the HUD Fire Control Computer. These
coefficients are intended to allow the computer to offset weapons
delivery by an angle equivalent to the angular deviation induced by the
canopy, and thus maintain extreme accuracy (Ref 20:13). By using the
compensation polynomials, the canopy angular deviation errors are
guaranteed to be less than 3 mr, and the root mean square value of all
the residual error will be less than 1 mr.

This compensation technique has also removed much of the variability
between individual canopies. Although the residual angular deviation
errors will differ between canopies at any particular line-of-sight, the
magnitude of this residual error will always be within the specified
limits. An example of a curve, fitted to earlier measurement data, is
shown in Figure 5.9. The heavy line is the best fit curve,. while the
thin lines are the data from the various efé positions. The polynomial
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FPigure 5.9 Sample Curve Fit of the Elevation Angular Deviation for

a Texstar F-16 Canopy. The heavy line is the best curve
to the data sequences shown as narrow lines (Ref 20:83
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coefficients are shown as Cy, Cp, C3, and C4. The maximum difference
between the best fit curve and the data is shown to be 2.09523 mr, and

the RMS average difference is 0.92675 ar.

F-16 Canopy Measurement Experiment

Introduction. Although all the F-16 canopies are measured for

angular deviation using the device develéped by AMRL, the measurements
are only taken over the HUD field-of-view, a relatively small portion of
the entire canopy area. Since the LANA simulation is designed to permit
line-of-sight vectors over an azimuth range of *+ 90 degrees and + 45
degrees in elevation, a more extensive mapping of a canopy is required.

Equipment. The AMRL angular deviation measurement device, as
previously described, was used to measure the F~16 canopy. The canopy
used in this experiment was canopy serial number 0200, manufactured by
the Sierrancin Corporation.

Method. The mapping of the F-16 canopy required that a large unumber
of data points be taken over an area corresponding to the LANA
helmet-mounted sight field-of-view. However, the limits of the canopy
positioning stand allowed only over a range of *+ 68 degrees in azimuth
and + 14 degrees in elevation at the design eye position (the expected
position of the pilot's eye). If the collimated light projector was
moved to the left or right of thendesign eye position, then the range of
movenent was further limited.

In order to evaluate the effect on angular deviation of the observer
moving off the design eye location, less detailed mappings were also
performed at sighting positions to the left, right, and forward of the

design eye position. The mapping series were performed as follows:
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Series Sighting Azimuth Elevation Results

A Design + 689 + 140 see Tables
Eye 5.1 & 5-2

B 2.5" Fud of ~449 ¢o + 14° see Table
Design Eye +36° 5.3

c 1.25" Right -68° to + 149 see Table
of Design Eye +44° 5.4

D 2.56" Right =689 o + 14° see Table
of Design Eye +36° 5.5

E 1.25" Left =449 ¢o + 14° see Table
of Design Eye +68° 5.6

Results. The results of these canopy mappings are given in Tables
5.1 to 5.6. Each of these tables shows the amount of canopy azimuth and
elevation angular deviation in milliradians at each look angle. The look
angles are the azimuth and elevation components of the pilot's
line-of-sight vector, in the aircraft body frame coordinates. The
pilot's line-of-sight originates at the design eye, or measurement
position, and passes through the canopy. For example, using Table 5.1,
at the design eye position, the canopy angular deviations when the
agimuth look angle is -68 degrees and the elevation look angle is +14
degrees are:
Azimuth Angular Deviation: -1.61 milliradians
Elevation Angular Deviation: +5.53 milliradians
These angular deviation data were found to be repeatable at any time,
within the accuracy limits of the equipment.
The azimuth deviation values from these tables were then plotted
versus the azimuth look angle, and these plots are shown in Figures 5.10

to 5.14. Similarly the elevation deviation values were plotted versus
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Table 5.3 Canopy Angular Deviation Mapping 2.5 Inches Forward
of the Design Eye Position

AZIMUTH LOOK ANGLE (DEG)

A7 2O 8T 07 % 4% 5.0° @ 12° 0 8% %0
“,Aq.sn “eB88 0.00 o84 oTD 119 98 %8 107 1.68 1.89 2.38
Bl S.81 5.88 5.95 5.67 3.06 5.18 S.1l 5.04 S.60 5.95 6.09 S.81
i S R L R O e A T LI | A P e N
E £ 995 6030 6,02 To18 469 4,48 .81 9,06 .69 S5.39 5,99 616
v ‘.A “e82 W21 A2 JTT 456 1432 o7T 88 1.82 1.75 1.26 1.05
A El €023 €230 S.67 8.83 0.38 3.99 3.92 3.78 3.85 8.3% 3.46 6.16
b JAf 000 .63 ez w3 s am 3T sa9 1ise 189 1aa0 63
I : £] 623 6.09 5,60 4.a8 2.90 1.89 1.50 1.82 2.94 3.50 .76 S.g8
0 oAl %7 o8V 49 w02 b 036 o7 1087 1489 1482 107 .09
N o'og 6e16 6.09 539 4413 1.89 .56 0400 <28 1.89 3.43 .48 S.74
Lo OTT 291 42 0408 .07 .42 <49 1.61 2,38 1¢96 1.36 .02
0 £l 6023 3.8m 5011 3.57 1.0% .14 =63 =.TT  LTT 3.1 8,20 8,39
0 oAl 1033 1e32 09 -use -9 0.00 20 189 3.29 2,66 1.0 L2
K ". 6016 5039 4,38 2,31 -.21 =2.17 -3.43 =3.01 =.98 1.82 3.99 S.1e
A ot 1089 1026 .35 <1.96 =196 ~o63 <21 2.38 3492 3.30 1.40 .21
L
E] 5475 5.00 3.99 1,00 .09 c1,07 “1.19 <1.47 -.63 1.35 3.71 4.83
g -qu 2424 1480 (18 =2.52 =285 1433 o700 3.22 4401 3.99 1.54 8.00
L E] 967 2.9 3,68 175 <063 =3.71 =532 =3457 -uT7 1.12 3.36 4.53
E
} A: Azimuth Deviation (mr)
b_'_'-
o E: Elevation Deviation (mr)
-
P.
__"!_ Canopy: Sierrancin, S/N 0200

L
.

v

>

\‘.'.‘.»n'.'j i
Aty T ..

T

v

62

y-Tw
(O




P R . e Jarthe e ‘,,.‘ _? .._‘.«j‘ - “."\ .._.. _.ry "_._.__. -..- 4 ‘l‘-l‘vr- R .‘:t.—> T'w‘-v'.-,"-_" _. - >'75T7_t'
Table 5.4 Canopy Angular Deviation Mapping 1.25 Inches Right
of the Design Eye Position
AZIMUTH LOOK ANGLE (DEG)
E 48° 60 52" Mt % 26° n® 2% u® 0.0°  A® 12°  20° 28 %* we
L . 4-[.!7 “lel2 =sA0 ~,% <21 087 1442 29T 240°% 2466 1e76 1.7% 196 2,03 2.91 2.4
L) .
E ’l&.h' DeBY 9032 Yell 9ul] Yelh 588 me%] Aol 0080 602 4,00 (.5 K08 %A1 .60
=eMB  col0 et col]l Bob¥  Le8B 2,31 2480 2.20 20952 2417 2.18 1.6 1.12 1.90 L.7
V |
A Bl %81 5.80 N0 %32 .29 Yokl 54T Ledd 5032 5.1 .77 5,29 6489 6.%1 6,23 301
T Al 2o =039 =81 <~.h) 001 Jab® 231 2448 2,00 2431 12 2433 .82 «Ad %3 109
I ‘. Bl 3279 %67 9,93 %.3Y .00 00D S5.32 4.T6 0.6F 4.01 4.20 4,18 4,49 S,.81 G.16 9,99
8 Al 19 0.00 o2} 292  Bob% Zed) 2403 2409 1TSS 2403 189 2,17 1% <73 S.08 3%
» Bl 3499 %78 %.00 .32 kT Se60 097 3eT4 2,52 2,03 1.0 I,RT 3.450 6.%) 3,81 §.ae
Al 0.0¢ 21 .2 oT8 1447 2.31 2403 1oAY 1.38 1,78 2180 2,31 189 f.10 -07 D00
L 0.0.! B9 GohT N3 5.3% 5093 .37 4.5 24989 «®A ’X1) «37 B0 3.3 4,27 S.44 %,40
o .2. & 19 82 o3 «P1 Bel% Je31l 1a12 3e33 133 1087 24140 2.80 1476 1el) =ol0 o238
o Bl8+02 So78 9,99 $.32 S.A7 5,00 3.9 1,80 .20 .21 =.80 <% 2.7% 3.8% %.2% %.9
K .‘. A Y o8 L8y 18R 2,31 2.47 1412 ~,le hy eFL  2ed8 3t 2473 1.0 o2t = A0
21602 5.74 .04 ‘-.‘3‘! Bebre 8020 297 =.28 =2.20 =3,19 ~3.%0 1.1 1,17 3.59 &84 9.9
A ‘.‘ 383 1420 1487 <o10 299 189 000 =1e83 o80T 1282 203 3497 329 1.603 )% =le2%
10
N r ElRe®? 2081 337 5,00 Soll JeH8 .81 . 0] <140 =1.6° ~1.0% -.07 "R 3.01 .06 4.8
G [L" Le99 Bal5 1.9 2.99 2.00 1.9¢ =1,%0 =2,26 «,%1 a8 9el) 4,04 3,03 1.36 =23 ~l.60
L i B 616 393 %68 %2.39 4.83 3.5 eTl 298 23,98 =600 =3.93 .77 =.2F 2.45 303 ¢, 5
E
A: Azimuth Deviation (mr)
E: Elevation Deviation (mr)
.. Canopy: Sierrancin, S/N 0200
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Table 5.5 Canopy Angular Deviation Mapping 2.56 Inches Right
S of the Design Eye Position

A 8
e B -‘a

AZIMUTH LOOK ANGLE (DEG)

& o -
PR S ]

E 60°  60° 52° A° 6% 4% 2% 12°  u° 0.0° A® 12° 0®  e° w?
L l‘. Al=8e03 <ol =,3% .00 036 133 2480 4,6F .90 4,62 0,69 3,71 3.4 3,03 3.8
E B] 030 .86 3,927 3,57 3e36 3483 0.06 A.83 5,39 9,06 %.46 9,78 G 37 6.0 .04
v ”. Al =10 =,42 .00 28 B8 165 3036 .97 4.6% 0.27 0.29 3.68 3,03 2.73 .00
A B Go08 2.3% Q4,06 3J.TR  3.30 383 0.9F Q.82 .01 4,27 4,27 4.3% 5,86 A.16 6.23
T ‘. Al =433 8.90 21 36 1el2 2033 371 4239 o133 3,99 3485 330 3.43 2.24 1.4/
I Bl 0069 03430 0,20 3,78 3.7 4,30 Q.00 3.78 3.29 3.36 3.59 1.46% a.20 S5.00 £.92
o PO Al =83 20 «36 291 Bob) 308 3460 .86 IJo60 3,37 3,90 .90 .08 2.3 1.12
N Bl 983 2.08 2,30 3.92 3,92 0,81 3,78 2,87 1.%¢ 1.24 «%1 2.34 3,29 a.006 9.18 )
.l 28 -9 oFT 1412 1a82 3019 3283 5068 322 3022 3.29 S TR 2,96 2,31 1.8%
L _.‘, EB] 098 .99 9.34 3,92 3.3 0.27T 3.43 2.0) o1 ~ol8 =,49 % 2,66 V.70 8.2
O .’.A 82 70 o988 126 24180 3,350 3.30 2.87 2.%9 3.19 3.08 4,20 3.15 2.47 il ]
O Bl 099 0.33 8.30  3.92 3,97 8,06 2.A7 1.05 =1.26 -1.%¢ =1e26 <20 2,8% 3.83 4.3
K .‘. A @98 L1el2 1497 1468 287 337 2.87 103 168 2483 2.52 .76 3.99 2.17 +«84
B 3608 0.6% 0,30 .04 .27 3,43 1.68 21,09 =3.1% 3,71 =4 03 =2.19 <49 2.80 3. Im

A .”.l 133 T1ebl 1% 218 3043 3018 2,00 =70 133 2.03 2.87 4. 7 a.62 2.38 70
N Bl Sl 4,69 0,00 0.3 8.06 3.0) 091 22,30 =336 *3.%0 =2.20 -.9% «¥5 217 3.22
G .A 1682 2403 2.31 2.00 3.835 2.8? 036 =283 221 1419 0,38 3,1} 4.3 2.08 82
Il -3¢ B) 9213 S.90 8,62 8.38 3.92 2.73 o21 =231 =318 =4.9) ~0.61 -8 «39 (.40 2,73
E

A: Azimuth Deviation (mr)

E: Elevation Deviation {(mr)

Canopy: Sierrancin, S/N 0200
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Table 5.6 Canopy Angular Deviation Mapping 1.25 Inches Left
of the Design Eye Position

ChCls
B
YaTatw

(3
>

47808

AZIMUTH LOOK ANGLE (DEG)

lA.n’ -3%6° 20° _20® a2® . 0.0® W% 12°  20° 28 %® W 52* «® &°

a6l ~1 019 ~e89 =0l8 .02 -of7 <% <183 =83 .21} o802 1a19 1.82 2.09 2.48 2.10
6e82 6009 6031 €I 66T 630 623 6,00 6023 3,70 S0 .62 .83 3.00 939 .47

687 5.351 672 .88 3.60 .11 476 S.00 3,33 S$.88 5,67 9.97 3.04 S.11 $.53 A.7¢

A
4
Alr1e®Y =38 0.00 @28 =33 =ol0 T8 =36 <oV =TT =,l8 o7 3026 1.3¢ 1.48 1.40
4
A

o83 87 28 ©35  “e39 ~e86 <ol o280 <028 ~o17 -.004 ols 344 <98 1407 3026
Bl 630 £.38 6023 3011 .83 4.41 Gal3 3099 3,83 5,00 9,70 5,29 %.32 S5.32 3.67 9.81

9.00 o7 28 07 =36 +e36 =280 o0 =021 ~.28 ~l.1T -.09 .38 «39 77 70

A

Blesoy 6.16 3070 4.2 3.00 1.02 189  2.45 2.87 3,70 %.108 3.2% S.39% 3,39 3.67 S.0t
A 33 -9 028 8480 .00 =.83 =07 o8 o211 0000 =112 <=.91 <«.07 -7 -9 -4
E19.93 6.02 35.06 3.92 2.83 28 -7 <98 231 3,00 476 5,327 3.32 3.33 %74 S.80

RrRoort ZOHRPpaHPWE
%

Al I8 1.9% 33 =36 ~1.26 -~.88 - 70 ol 8400 .Yl =1.20 <~o33 .07 «28 Ll

- B 1393 3470 097 3022 1409 <21 =470 <70 126 2,08 6.01 5,00 3,327 S.33 3,41 9,00

A3.07 .26 82 150 =1.89 ~2433 0.00 1.26 1osl 089 =o%% =168 <oV =36 o2l <~el0

-« R 378 Q.97 3,99 1.69 <+.07 <3.01 =3.0% =3.15 ~.%8 2,03 3-1!‘ o776 T.11 S.53 S.70 S.08

A Al3e9 126 021 22030 ~2.38 o908 <ol 1,59 3413 130 =021 1,89 2126 <l 7Y =XV ~ob3

N -ID.' B39 0.39% 3.3 =90 0,00 ~1.%¢ -l.‘.. =218 ~1.50 1,12 308 4.62 3,08 3.39 .70 .08

G A 1230 3208 <023 =2099 “3022 “10%6  1edY 2017 2490 2,31 =021 ~2.17 ~1eFY *1o30 =120 =5009

L .'..l BeB88  9.13 2487 1.40 -1.0% ~4.90 -T7.07 ~3.1% ~1.12 o808 2,80 4.27 .76 3.29 3,87 370
E

A: Azimuth Deviation (mr)
E: Elevation Deviation (mr)

Canopy: Sierrancin, S/N 0200
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the azimuth look angle, as shown in Pigures 5.15 to 5.19. The azimuth
look angle was chosen as the abscissa of these plots for two reasons.

The azimuth look angles vary over a much larger range than the elevation
angles and the rate of change of the azimuth look angle is expected to
vary more rapidly than the elevation angle during the LANA tracking task.

Conclusions. The plots of the angular deviation data, shown in
Figures 5.10 to 5.19, illustrate a number of interesting properties of
the F-16 canopy. The straight ahead look angle of 0.0 degrees azimuth
and 0.0 degrees elevation has very little azimuth or elevation angular
deviation. This straight ahead line-of-sight angle corresponds to
looking through the center of the head-up display (HUD). The small
angular deviation at this angle, despite the severe slope of the
windscreen, indicates the design and manufacturing practice of adjusting
the thickness of the canopy to minimize the angular deviation over the
HUD field-of-view.

A careful study of the plots of the data taken at the design eye
position illustrates the effect of canopy shape on the amount of angular
deviation generated at that look angle. Figure 5.10, the elevation
deviation plot shows that at the 0.0 degree azimuth look angle, the
angular deviation varys from 6 mr, at +14° elevation look angle, to =7
nr, at ~14°. This wide range in deviation values results from the high
slope angle of the windscreen or canopy in this area. As the azimuth
look angle moves out toward plus or minus 68 degrees, the angular
deviation becomes a constant value of 5.6 mr at all elevation look
angles. At 68 degrees azimuth look angle, the curvature of the canopy
over the pilot is an almost constant radius curve, therefore the angle of

incidence of the light ray (the angle between the windscreen normal and
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the pilot's line-of-sight) is relatively constant over the range of
elevation look angles. In Figure 5.15, the azimuth deviation plot, the
two lobes centered at approximately the +15° gnd the -15° azimuth look
angles, are caused by the "corners" of the canopy. It is in this area
that the canopy has it's most severe bends as the transparency
transitions from the windscreen portion to the long side areas of the
canopy.

The changes in the amount of angular deviation that are shown in the
plots of the mappings, taken at positions other than the design eye
position, show an unexpectedly small amount of change. It was expected
that as the sighting position was moved towards either side of the canopy
that the measurements taken on that side of the canopy wouid be much
larger than those taken at the design eye position. It was felt that the
increased incidence angle would inflate the angular deviation values.
From this it is concluded that the amount of angular deviation is

relatively insenstivie to small movements of the pilot's head position.

Angular Deviation Model

From the results of the canopy mapping experiment the following
properties of the angular deviation errors are evident:

1. The canopy refraction error has both an azimuth and an elevation

component at each discrete look angle. The maximum elevation error

is -7.12 mr and the maximum azimuth error is 3.85 mr.

2. The errors are spatially oriented; that is they are a function

of their position. These errors were "built into" the canopy during

the manufacturing process.
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3. The changes in the angular deviation are relatively small for
ii o slight movements away from the design eye position. This means that
o while the LANA pilot may not always be holding his head exactly at
;5 the design eye sighting position, this model of the canopy induced
. sighting error will still be valid.
ﬁﬁ These properties and the numerical data from the experiment can be used
;i to develop a practical model of the canopy angular deviation errors.
= There are three possible ways that this error source can be
addressed by the LANA designer. First, all the mapping data could be
stored in the LANA navigation computer memory and used as & look-up table
to completely remove the canopy induced sighting errors in the HMS.
Alternatively, a curve fit to the data, similar to that routinely
performed for HUD compensation, could be developed and used by the LANA
!:! on~board computer to remove the majority of the canopy refraction errors.
Lastly, without any attempt to compensate for these errors, the full
value of the angular deviation will be present to corrupt the sighting.

A simple model was developed which allows the LANA simulation to

reproduce these three possible conditions. This model was constructed by

taking the measurement data from the design eye position, and computing

the mean and standard deviation at each sample azimuth measurement point.

AP P ARRERCAR

This has the effect of compressing the data in the elevation dimension.

R,
S
.

2.

Although this does result in some loss in accuracy of the model, this is

similar to the technique currently used to compute the compensations

TET

coefficients for the HUD fire-control computer and would be expected to

T
i

be used if the LANA system wer actually constructed. Thus, the canopy

e

angular deviation mean and standard deviation will be a function of only

T

the azimuth look angle. The calculated values of the mean and standard
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deviation of the azimuth and elevation angular deviation are given in
Patles 2.7 and 5.3. The plots of the mean, the mean plus one sigma, and
the mean minus one sigma values are shown in Figures 5.20 and 5.21.

The data from Tables 5.7 and 5.8 were curve fitted using the caubic
regression program from the Hewlett-Packard HP-41CV statistical program.
The HP-41CV program was employed because it is a fast and simple routine
which could be manipulated to find the best fit to the data. The highest
order polynomial available in this program was the cubic regression
program. This program also provided a performance index as an indication
of how well the selected curve actually matched the given data. From

this curve fitting process, the following four curves were produced:

1. Mean Elevation Deviation (mr) = a + b( AZ ) + c( AZ )2+d ( AZ )3

where AZ is the azimuth look angle
a = 0.0320478
b = 0.186132
¢ = 0.157798E-2
d = 0.362369E-6

2. Standard Deviation of Elevation Deviation (mr) =

e+ 2( Az ) + g( A2 )2 + n( Az )3

vhere e = 4.0903391
£ = 0.111631{4
& = 0.3052673E-3
h = 0.7218124E-5

Note: The symmetry of the elevation curves permits a fit
to half the curve and the use of the absolute value

of the azimuth look angle.
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Table 5.7

S Azimuth Angular Deviation, Mean and Standard Deviation Values
Azimuth Look Mean Azimuth Standard
Angle (Deg) Angular Deviation (mr) Deviation (mr)

-68 ~0.065 0.938

-64 -0.047 0.948

-60 0.075 0.961

-56 0.149 0.970

-52 0.210 - 0.965

R -48 0.327 1.059

< -44 0.537 1.212

Ag -40 0.700 1.197

- -36 0.882 1.030

=32 0.882 0.691

-28 0.793 0.380

-24 0.509 0.550

-20 0.131 1.297

-16 ~0..5 1.588

-12 -0.149 1.251

-8 -0.336 1.093

Q -4 0.107 0.897

- 0.0 0.490 0.251

. 4 1.265 0.858

o 8 1.834 1.051

& 12 1.890 1.105

i 16 1.713 1.226

‘ 20 1.363 0.926

. 24 0.840 0.542

- 28 0.345 0.303

» 32 0.070 0.618

= 36 -0.163 0.975

:‘ 40 -0.154 1.293

i 44 0.107 1.287

2 48 0.313 . 1.198

L 52 0.359 1.190

3 56 0.406 1.194

. 60 0.523 1.162

t‘ 64 0.574 1.136

3 68 0.574 1.063
-
-
b
Tt
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Table 5.8

Elevation Angular Deviation, Mean and Standard Deviation Values

Azimuth Look Mean Azimuth Standard
Angle (Deg) Angular Deviation (mr) Deviation (mr)
_ -68 5.637 0.058
-64 5.530 0.026
pj -60 5.437 0.057
. -56 5.432 0.102
< -52 5.437 0.117
-48 5.287 0.129
o , -44 5.269 0.180
B -40 5.189 0.582
o -36 5.189 0.582
N =32 4.989 0.905
-28 4.709 . 1.195
=24 4.312 1.562
=20 3.626 2.017
-16 2.945 2.430
-12 2.105 2.816
-8 1.549 3.173
-4 0.933 3.578
Q 0.0 0.429 . 4.062
4 0.607 3.600
8 1.204 3.226
12 1.806 2.861
16 2.310 2.502
20 3.038 2.113
; 24 3.752 1.670
. 28 4.354 1.328
8 32 4.620 1.085
.- 36 4.905 0.655
@ 40 4.979 0.466
i‘ 44 5.040 0.345
& 48 5.157 0.268
L 52 5.269 0.201
o 56 5.2450 0.171
o 60 5.395 0.111
I 64 5.357 0.095
4 68 5.525 0.081
O
{
L -
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3. Mean Azimuth Deviation (mr) = ap *+ by(AZ) + c,(AZ)2 + ap(AzZ)3

i; o where AZ is the azimuth iook angle, and
Eif from AZ = 0,00 o AZ = 400°

o 8y = 0.2405565

. by = 0.19723107

o ¢y = =0.1248514E-1

: dy = 0.455723E-4

from AZ = 40° to AZ = 68°
a, = -10.60448854
b, = 0.52329675
co = -0.835924E-2
dy = 0.453723E-4
from AZ = 0.0° to AZ = -36°
e as = 0.53565464
bz = 0.17800193
c3 = 0.1152084E-1
ds = 0.17507E-3

;f from AZ = -36° to - 68°

ay = 4.37913787

2 by = 0.14575087

r ) cq = 0.155768E-2

3 a4 = 0.553691E-5

Ei Note: The azimuth curves were broken into four segments

to obtain a more &scurate fit over each segment, than

could be achieved over a asingle interval. The 0° to -68°
interval was split at the -36° point rather than the -40°
point because these 1ntervais provided the highest degree
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of file to the data.

4. Standard Deviation of Azimuth Deviation (mr) =

oy + fn (AZ) + g, (A2)2 + n, (Az)3

where from AZ
ey =
fy =
8 -
hy =

from AZ

These four curves can be

.....................
..........

= 0.0° to AZ = 40°
0.45551742
0.28659151
=0.1673922E-1

-0.23010E~3

= 40° to AZ = 68°
5.12449424
~-0,21260816
0.389924E-~2
-0.242645TE-4

= 0.0° to AZ = -36°
0.15079704
-0.255835T7
-0.1585122E-1
=0.26044102E-~3

= -36° to AZ = -68°
-6.5591175
-0.47127730
=0.934396E-2

-0.59443843E-4

used to simulate thrse possible canopy

compensation schemes as follows:
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t. No Canopy Compensation. This condition represents the errors
that are generated by the canopy refraction and not removed by any
compensation techniques. In this case both the mean and atandard
deviation data is used as

N (mean, standard deviation)
and used by the subroutine GAUSS to generate an error value %to be

added to the measurement.

2. Partial Canopy Compensation, similiar to that performed with the
HUD, can be simulated. If only the standard deviation curves are
used to generate the errors for the azimuth and elevation angular
deviation, then this is equivalent to having the major error
removed, and the residual error after compensation is represented by
the standard deviation values. These standard deviation values are

calculated using the same technique as described above.

3. Complete canopy compensation can be simulated by simply not

including the mean or standard deviation errors in the LANA

simulation. This is equivalent to the LANA designer using a look-up

tadble to completely compensate for the canopy refraction errors.

Model Implementation in LANA. This model was implemented in the

>
b I ARV
LRERC AR R R LA

LANA measurement equations by the use of four subroutines, one for each
of the computed curves. The values of mean and standard deviation of

angular deviation for the azimuth or elevation components of the update

rPTYvY
AR R

e RIS
PR L

measurement were added during each update cycle. An input flag (switch)

is set by the programmer to choose the no compensation, the partial

compensation, or the complete compensation simulation.
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VI Errors Due to Vibration

Tate
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Vidbration is an environmental condition common to all types of

aircraft, and is particularly severe in high performance military

e
l.‘
L%
N
L%
[
>,

(S

Lo

o

[ P
;

aircraft where the operational mission necessarily produces high

a2

vibration environments for both crew and avionics. As would be expected,
whole body vibration affects human aiming performance; the unwanted
motion of the head or eyes significantly impairs individual performance
scores. This section is concerned with studying these effects and with
modeling them as one of the error sources which contributes to the
accuracy of the LANA helmet-mounted sight (HMS) system. Only the effects
of whole body vibration on the human operator's ability to aim the HMS
are of concern, since the vibrational effects on the equipment
performance are included with the HMS hardware model.

It is customary to express vibration in terms of frequency (Hz),
peak acceleration (g), and the direction of motion relative to the body.
Vibration induced acceleration is indicated by the asymbol g, to avoid
confusion with linear acceleration which uses the symbol G. The
subscripts x, y, and 2z are used to designate the axis or direction of the
motion relative to the human body, as shown in Figure 6.1. Thus, for
example, the notation -0.4g, indicates back to check vibration at a
magnitude of 0.40 times the value of earth gravity, taken as 32.2

£t/sec?.

Nature of the Airborne Vibration Environment

The vibration forces in an aircraft are complex, consisting of a
mixture of deterministic and random components acting in three orthogonal

axes with 6 degrees of freedom: three translational -- X axis, Y axis,
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X AXIS = BACK-TO-CHEST
Y AXIS = RIGHT-TO-LEFT SIDE
Z AXIS =FOOT(OR BUTTOCKS)-TO-HEAD

Figure 6.1 Directions of Coordinate System for Mechanical
Vibration Influencing Humans (Ref 21:101)




and Z axis, and three rotational -- pitch, roll, and yaw. These forces

j‘ Tl are a result of internal and external influences. The internal sources
h& include the engine, the aeroelasticity of the structure, and the response
f; of the control system. The external influences result from the

- '_‘:

interaction between the aircraft and the atmostphere in which it flies
(Ref 21:94).

The vibration characteristics are dependent upon the type and size
of the aircraft. Rotary-wing and fixed-wing aircraft have entirely
different characteristics due to the differences in their propulsion
system and airframe structure. In 1971, Speakman (Ref 22) compared the
vibration of the B-52 with the F-4C. He found that the magnitude and
frequency distridbution of the power within the power spectrai density
plots were different for each aircraft, with the average magnitude of the

c B-52 about ten times less than the F-4C. He attributes the differences
; to the greater size and weight of the B-52, although the F-4C trials were
performed at very low altitudes and high speeds and therefore more

susceptible to gust inputs.

In addition, the power spectral density curves do not always
realistically represent the vibration behaviour of the aircraft. For
Ei example, time history records of a fighter aircraft flying at low
r‘ altitude and high speeds generally show that there were frequency "quiet”
periods with low amplitude broadband vibration interspersed with large
E; amplitude "bumps" or "shudders" (Ref 21:97).
E: ) is.apparent that aircraft type, flight pargmeters, terrain, and
i1s weather are important in determining the nature of the vibration

environment in which the LANA pilot must function.




Biodynamic Response to Whole-Body Vibration

The human body response to forced oscillations is very complex. The
reaponse cannot be treated as that of a single mass. Von Gierke and

Clark (1971) have summarized the effects of vibration on the body as

follows:
"« « » the body when exposed to mechanical forces or motions does
not react as a so0lid mass but is deformed and undergoes elastic
changes in shape. When excited with certain input freguencies,
resonances of body parts can occur, i.e. the deformation or
displacement of the organ is much larger at its resonance frequency
than at the other frequencies. For large masses combined with very
soft elastic structures, these resonances are at low frequencies;
for smaller masses or stiffer suspension, they shift to higher
frequencies. The biologic effects of mechanical forces are to a
large extent dependent upon the dynamic response of the system,
which makes the effect of an input force dependent upon its time
course or frequency. Small deformation of tissue can result in the
stimulation of receptors; larger deformation body segments or organs
can influence their functional capacity. These larger deformations,
such as head or eye motions or arm or hand vibrations, are also the
ones that interfere with normal task performance.” (Ref 23:204)

Transmissibility of Vibration to the Head. Since in most aircraft

the aircrew are seated in an upright position, and as shown in Figure

6.2(b), the predominant vibration force is acting in the Z axis

direction, it is appropriate to study those experiments where vertical
vibration has been applied to the Z axis direction of seated subjects.
Furness (Ref 21) compared the results of a number of experiments for
subjects experiencing vertical siqusoidai vibration. Although conducted
under a number of different seating and instrumentation conditions, as
shown in Figure 6.2(a), there is agreement in the form of the data.
Generally, the amplitudes of head-to-seat movement are greater than {1 for
vibration frequencies between 2 and 7 Hz, and apparently the body is
emplifying the vibration transmitted from the seat to the head. Almost

all the experimenters have identified a resonance frequency between 4 and
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Guignard and Irving (1960) - Ne10
Pradto et al. (1965) - mei0

Griffin (19752) - H°12 (most severs
postuse)

Griffin (1975a) - N=12 (lesst severe

Gettein ond initnan (19287° 2556
(mean 10T 4nd 90T percentiles)

Lewis (1979b) - N10

TRANSHISSIBILITY

PRI U SR SR S S S W

9 30 11 §2 13 34 15 16 17 1B 19 20

VISRATION FREQUENCY

Figure 6.2(a) Comparison of Seat-to-Head Vibration
. PTransmissibilities (Ref 21:103)

POWER SPECTRAL DENSITY g*/Hz

‘ong 1 | - i ) W bl )

0.1 0.2 05 10 20 50 10 20 50 100
FREQUENCY Hz

Figure 6.2(b) Power Spectral Densities for Vibration Acceleration in the

Vertival "Heave" (Z Axis) and Lateral "Sway" (Y Axis) of
a Canberra Aircraft Flown at 450 kts at 250 ft Above the

Ground Level (Ref 25)
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6 Hz. These resonance effects are probably a combination of the

RO

l e individual resonances of the pectoral girdle, thorax, and abdominal

regions (Ref 21:103). At frequencies below 1 to 2 Hz, the body behaves

as a single mass (Ref 24). At the higher frequencies the vibration is

absorbed in the buttocks and abdominal cavity.

The posture of the subject, the degree of muscle tension and the

-
S
‘.
-
“s
i
.
.
-

head position were found to influence the seat to head transmissibility
of vibration. The stiffening of muscles in the abdomen, spine, and neck
change the atiffness and subsequently the damping ratio of the resonance

within the 4 to 6 Hz frequency range (Ref 21:104).

BExperimental Results

Linearity. In order for the biomechanical system to exhibit
linearity, the ratio of head motion to seat motion should remain constant
over a range of seat vibration amplitudes (at one frequency). Pradko et
al. (Ref 26) found that for vertical Z axis sinusoidal vibration of the
seat, the head Z sxis acceleration was reasonably linear for vibration
amplitudes from O.1 to 0.8 g, (rms) at discrete frequencies from 3 to 60
He. Although nonlinearities in this and other experiments have been
observed, Gfiffen et al. (Ref 27) argued that the magnitude of the
nonlinearities were really insignificant when compared to éh;\
variabilities due to other factors, such as the intersubject differences.
In any case, that linearity is a valid approximation, has been

demonstrated.

Operational Experiments. Up to this point only the body's response
to sinusoidal vibration occuring in one axis has been discussed.

Adircraft vibration has been shown to be multiaxial and dependent upon
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aircraft type, and is a combination of deterministic and random motion.

Ty v
P
.

The most useful biodynamic response data for multiaxial broadband
vibration is that measuredvunder actual operaticnal settings.

In 1978, Jarret (Ref 25) recorded vibration data from a Canberra and
a Phantom aircraft during low altitude, high speed flight. The recorded
levels were 0.25 g; rms and O.1 gy rms for the Canberra and 0.18 g, rms

and 0.1 8y mms for the Phantom. The recorded vibration times histories

were reproduced by a dual-axis vibrator with the subject seated and
restrainted in a Canberra ejection seat. Tatham (Ref 20) used this
vibrator apparatus to simulate the vibration levels during actual flight
conditions, and measured the angular displacement tracking errots of
subjects using a kelmet-mounted sight. A helmet position sensing system
was used to measure the angular deviation of the subject's helmet

C!! line-of-sight against a collimated (earth referenced) target located

. straight ahead and at a fixed line-of-sight. The subject’'s task was to

superimpose a helmet-mounted collimated reticle over the target while
being presented with whole-body vibration in Z axis (vertical) and Y axis
(lateral). For vibration levels simulating actual flight conditions in
the Canberra aircraft (i.e. 0.25 g, rms, 0.10 gy rms) the angular
displacement tracking errors were about 1.0 deg. rms in agzimuth and 2.0
deg. rms in elevation. The power spectral densities (PSD) of the
tracking errors in the azimuth and elevation axis are shown in Figure 6-3

(Ref 21:127). Although only the PSDs for the Canberra aircraft were

presented in the report, the author indicates that the vibration levels
decreased by a factor of about 2.5 in the Phantom. According to Furness

(Ref 6), the vibration levels in the Canberra aircraft are more severe

SR
,"{ PN SRR
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than most other military aircraft and can be considered a "worst case”
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model. The vibration levels in the F-4 aircraft are more typical of the
levels encountered in most medium to large fighter aircraft of the type
expected to be used for LANA applications. If the linear properties of
vibration transmission are valid, then the power spectral densities of
the F-4 aircraft can be approximated by reducing the Canberra PDS's by

the 2.5 factor.

Vibration Modeling

The elements of interest in this section of the study are LOS
displacement in azimuth and elevation resulting from the vibration
generated in a typical fighter aircraft. The power spectral density
information provides an ideal means of modeling these errors. The
process can be envisioned as a white gaussian noise driving a single
plant, or transfer function, the output of which is the tracking errors J
represented by the PSDs of Figure 6-3. The transfer function shown in
Pigure 6.4 accounts for the vibration forces in the aircraft, generated
by the previously mentioned internal and external sources, and the
transmission of these vibrations through the human, resulting in the
aiming errors. Therefore given the power spectral density of the
sighting errors $yy' we have

?,, = G(s) G(-8) ¥, (6-1)
vhere G(s) is the system transfer function,
Y,y is the PDS of the white Gaussian noise.

A second order Markov process provides a good model of oscillatory random

phenomena, such as vibration (Ref 29:185). The general form of the power
spectral density for a second order Markov process is given as

R (6-2)
w4 2&;2(2;2-1) W + mn4

iyyu..) =
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t Figure 6.4 Vibration Transfer Function
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Figure 6.5 Second Order Markov Block Diagram (Ref 29:183)
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This can be generated by pa.-. "2 a stationary while Gaussian noise of
strength Q = 1 through a second order system, having a transfer function
expressed as

a(s) = as + (6-3)
s4+2gwps+wp2
or a state description as shown in Figure 6.5:

¥, (®) 0 1 ¥y, (t) a
v () T |~w 2 -2zw ¥y, (t) * c| ¥ (t). (6-4)
2 n n 2

where y1(t) is the vibration induced error, and

c‘b-Za(un_
To generate this Markov model the values of a, b,(nn, and ¢ are needed.
These values are those which generate the best fit of Eq.(6-2) to the
power spectral densities of Figure 6.3 (Ref 29:185).

Curve Fitting. In order to determine the appropriate values for a,

b, &, and w,, to be used in Eq. (6-4), a means of curve fitting the power
speciral densities of the helmet sighting errors is required. The data
taken from the azimuth and elevation PSDs of Figure 6.3 are shown in
Tables 6.1 and 6.2 respectively. Since the LANA‘simulation requires
units in radians, seconds, and feet, the data was converted as shown.

A least square regression to fit the PSD data to the form of Eq.

(6-2) can be accomplished by generating the following cost function

J(a,b,z,up) = igl [f@YY(ui,a,b,c,wn) - fpaTA (mi)]2 (6-5)
and
fIyy(mi,a,b,c,wn) is the power spectral density function of Eq.
(6-2) as a function of frequency
Fpapa(wy) is the PSD values from the data of Table 6.1
and 6.2 at each frequency

This cost function was used in conjunction with the IMSL library
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% Table 6.1
Mean Azimuth Power Spectral Data Points
Extracted From Figure 6.3
Original Data Converted Data
Frequency PDS Data Frequency PDS Data
(Hz) (Deg2/Hz) (Rad/Sec) (Rad2/Rad/Sec)
0.24 0.29 1.51 0.141E-4
0.48 0.28 3.02 0.136E-4
0.70 0.69 4.39 0.335E-4
0.91 1.00 5.72 0.485E-4
1.10 0.70 6.91 0.339E-4
1.40 0.84 . 8.79 0.407E-4
1.80 0.43 11.31 0.208E-4
2.20 0.24 13.82 0.116E-4
) 2.60 0.05 16.34 0.242E-5
Q 3.20 0.34E-1 | 20.11 0.165E-5
4.00 0.26E~1 25.13 0.126E-5
4.50 0.12E-1 28.27 - 0.582E-6
5.30 0.64E-2 33.30 0.310E-6
ir 7.00 0.58E-2 43.98 0.281E-6
... 8.80 0.13E-2 55.29 0.630E-7
3
L
A
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Table 6.2 .

Mean Elevation Power Spectral Data Points as
Extracted from Figure 6.3.

Original Data Converted Data
Frequency PSD Points Frequency PSD Points
(Hz) (Deg?/Hz) (Rad/Sec) (Rad?/Rad/Sec)
0.23 1.05 1.45 0.51E-4
0.45 2.20 2.83 0.11E-3
0.67 3.80 4.21 0.18E-3
0.99 1.80 6.22 0.87E-4
1.20 2.80 T.54 0.13E-3
1.30 0.91 8.17 0.44E-4
1.80 2.95 11.31 0.14E-3
2.20 0.70 13.82 0.34E-4
2.80 0.34 17.59 0.17E-4
3.10 0.16 19.48 0.78E-5
4.00 0.12 25.13 0.58E-5
5.00 0.064 31.42 0.31E-5
5.80 0.023 36.44 0.11E-5
7.00 0.016 43.98 0.78E-6
9.00 0.54E-2 56.55 0.26E-6
10.00 0.25E-2 1 6283 0.12E-6

........................................
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subroutine ZXMIN (Ref 36) to determine optimﬁl values of the pararmeters
a, b.t and u,. The subroutine ZXMIN finds the minimum of a function of
N variables using a Quasi-Newton method. The search routine ZXMIN was
selected because it requires no explicit gradient information from the
user (it computes the gradient internally). The convergence condition is
satisfied if on two successive iterations, the parameter estimates (i.e.
&, b, ¢ ,u)n) agree component by component with the number of significant
digits specified (3 digits for this study). By calculating the values of
the four variables that minimizes the cost function of Equation (6-5),
the best possible least squares fit to the power spectral density data is

ensured. The results of this parameter optimization are shown below in

Table 6.3.
Table 6.3
Agimuth and Elevation PSD Curve Fit Parameters,
from Curve Fit Program
Parameters for Azimuth PSD Elevation PSD
Equation (6-4) Curve Curva
a : [a2=(rad/sec)3(sec)?] 0.0468 0.0998
b : [b2=(rad2)(rad/sec)3] 0.00 0.00
T ¢ dimensionless 0.575 0.977
wpt [0y = rad/sec] 6.076 4.265
c=Db-~2azw, | -.327 -.831

From the azimuth and elevation PSD curves in Figure 6.3 it is clear that
there is more power or large error in the elevation direction. This
result is consistent with the finding that the vibration fores from the
control and interaction of the aircraft with the air is in the

z-direétion. Thus, the largest errors are expected to be in the size of
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the a, b,.and ¢ coefficients for the elevation data when compared to the
azimuth results. The 0.0 value of the variable b for the azimuth and
elevation data indicates that the zero of Eq. (6-3) is located at the
origin which renders this transfer function insensitive t6 a step input.
This result is consistent logically since the helmet-mounted sight
operator, the pilot, does not have his sighting ability degraded by a
step input disturbance. For example, if a sudden updraft increases the
aircraft altitude by 200 feet,once the transient effects cf the motion
subside the pilot sighting accuracy is as good as it was at the lower

altitude.

Model Description

The second order Markov processes for both the azimuth and elevation
helmet sighting errors can be generated by substituting the values from
Table 6.3 into Eq. (6-4). The state description of the azimuth sighting

errors then becomes

¥, (6] 0 1] [Ty, (t) 0.0468
. = A + W, (t) (6-6)
y, (t) -36.92 -6.98 y,(t) -0.327
and the elevation sighting errors are
% (t)] 0 1 x, (t) -0.998
i = + W, (t) (6-7)
x,(t) -18.19 -8.33 x,(t) -0.831
—

Thus by passing a stationary white Gaussain noise of strength Q = 1
through these second order systems the desired model of the Canberra
vibration can be generated. By reducing the strength of Q by the 2.5
conversion factor to Q = 0.4, the model of the F-4 aircraft can be
generated with the model structure of Eqs. (6-6) and (6-7).

Discrete Model. Since the continuous-time models described above

-------




:2 must be implemented in the LANA discrete-time simulation, with

SE tﬁb discrete-time noise corrupted measurements, discrete versions of the
vibration models are required. A general representation of the
continuous-time system of Eq. (6-4) is given by the following stochastic,

ordinary differential equation

Xa(t) = £ (Xs, t) + ¥s (t) (6-8)
where

t is time

Xg (t) is the truth system state vector

_g(o,°) is the truth system dynamics vector
fi ¥y (t) is a zero mean white Gaussion random process with
h-".: E {b(t)_t_rsT(t*'T)l = Qs(t)' §(T) (6-9)
& Qg (t) is the truth system noise strength and

8§ (t) is the Dirac delta function.

Since £(xg,t) is potentially nonlinear, xg is included in the argument

list rather than as a multiplicative term.

SOFE solves the differential equation of Eq. (6-8) in two stages.
The first stage propagates the homogenous part of (6-8), while in the
second stage the effect of w, is accounted for after propagation. A

typical method of doing this involves computing the following "delta

covariance” matrix

Qa(ty) = Qg(ty) ¢ (time interval t; to t; + 1) (6-10)

If the time interval is small compared to the Shannon sampling period

.‘:\'.Tl Ef ';‘ ..‘. -‘ ‘.‘ .,‘ ] :-.

associated with f(<,+), then Qa(ty) approximates the growth in

covariances of the x, process caused by the random system disturbance

¥g(t) over the time interval t; to tj + 1. - The random noise is injected
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in xg by generating a Gaussian sample wq(t;j) having covariance Qq(tj),
and adding this sample to the homogeneously propagated xg at t; * 1 (Ret
3314)0

For the linear case, Q4(tj) may be computed by solving the following

equation
t.+1

i
Qa(t;) = E {walts)waT(ts)l= of "0(t549,T)6(MQAE) 6T (MoT(t349,Mdr (6-11)
i
Using Leibnitz's rule to express the differential equation whose solution
over [t;, tj,1] is the right-hand side of (6-4) and omitting the time

arguments on all terms but the state transition matrix, the result is

%E (t,t)ceT (g, t) at/dt
- 9(t,0)eqcTeT(t,0) do/at
+ 57 o (14,0000 (e,T) ay

+ {f°(t;r)cch¢T(t,T) F 4T (6-12)

and this simplifies to

d
3¢ - oQeT + Foy + qqF! (6-13)
From the form of Eq. (6-4), Qq is known to be a 2 by 2 matrix. Therefore

to solve for the values of Qd let

9 9, G=|¢ F=|F1 F
Qd q2 q3 ’ ’ F

and Q = [Q] (scalar)
Therefore Eq. (6-13) becomes

dQg 2
= = G, Q GxG§° + | F19 + Fq, Fia, + F2q57 Fjq,+F,q, Fjq,+F q,

16,6.Q 6.0 F.q, +F,q, Fgq, +Fa |7
172 2 31 42 372 43 F a,+F,q, F3q2+F4q3
which reduces to the following three equations

¢ . 2

q; = 2F1q1.+ 2F2q2 + G1 Q

q, = F3q1 + (F1 + F4) q, + qus + 61620
. 2

q3 = 2F3q2 + 2F4q3 + G2 Q
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and expressed in matrix form these become

2

q, 2F, 2F, O q G,

a,| = |F; (F;+F,) F, a,| + |66,| (0]
2

93 0 2Fy  2F, 3 Gy

Therefore the values of qi, q2 and q3 can be found by solving these three
differential equations. Using the appropriate values for the F and G
matrices from Eqs. (6-6) and (6-7) with Q = 0.4, the Q4 matrix for the
azimuth and elevation processes were found using the CC6600 library
subroutine ODE to solve the differential equations of (6-14).

The results are, for the azimuth case

[ 0.21238-4  -0.15998E-3

Qa(az) = (units of radians?)
_:0.15998E-3 0.69244E-2 :

and for the elevation case

[ 0.9350E-4  -0.8044E-3

., Qa(EL) = (units of radians?)

;'j :O.8044E-3 0.69244E-2
h Model Implementation in LANA. Now to implement this noise injection
E: process in the LANA simulation program, the following technique was used:

X Q,  q

: E{wgua®h=qq= |1 2

-

< @ 94

& Let wy =/Qq 2 where /Qq°/QaT =/Qq

. and Q4 is any square root - in this study/ Qq is the Cholesky square
root matrix (Ref 29:370).

3

N

1 Therefore E {wg wgT} = B {ﬁd 227 /QqT}

L

E -feg & {z27)/eq"
E‘ Then select z such that

h .—‘L T -

: s E {227} = 1 the identity matrix
[

r
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For example 2z¢ I N(0,1) where zy and zp are independent,

h w2 I N(O,1) and thus E [31 32] =0 (6-15)
L Then .!d = /Qd 2z

N

n where E {!d Tt} = Qg

In the LANA truth model the azimuth and elevation vibration second
order Markov processes will each require two truth states. Let these be

indicated as

[ Xy 4z ()]
81(4z) for the azimuth truth states
Xg (t)
and ~ 2(az) -
X (t)
s
1(EL) for the elevation truth states.
| Xa2(g1)(t)]
Now for the homogenous parts of Eqs. (6-6 and 6-7) are implemented as
. ) ~
AZIMUTH Yoy (az)(t) 0 v X5y (a2) |
(1] Xep(az)(8)]  |-36.92186 -6.96288) | Xa,(az)|
and '
L] — =
ELEVATION Ry (a1)(+) - ° ! Yoy (EL)
Xap(eL)(t)| |[-18.186917 -8.33252 Xg,(EL) |

The effect of wy is added at discrete points, tj» to the truth states in

the following manner:

Xgy (a2)(t5)| | X5y (a2)(ty) 1 Ly
Qa(az)

. + (6-16)
- XSZ(AZ)(ti) XSQ(AZ)(ti)

y “2

€
s

Y,

¥)
S

where the time argument t; means the time before discrete noise addition.

The random noise is added to the elevation truth states using the same
technique. The time interval between calls to the noise injection
subroutine was set at 0.03 seconds. This value was based upon the time

constant of the azimuth and elevation second order Markov processes which

L e o o o 4 S04 AR
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are 0.28 and 0.24 seconds respectively. Where the time constant T, was

g! computed as
1

pol T &8 —

i ¢ | Zwn|

: ‘Using Shannon's sampling theorm to set the noise injection interval at
. 1/10 of .28 or approximately 0.03 seconds.

&
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VII Errors Due to the Helmet-Mounted Sight Hardware

The concept of a sighting system which integrates the natural visual
and motor skills of the pilot's head to direct a weapon system is
documented as far back as 1940. Between 1940 and 1960 behavioral
scientists were attempting to analyse the movements of the pilot's eyes
to determine his instrument scan and visual search patterns (Ref 31:vi).
Since the early 50's, the Army, Navy, Air Force and industry have pursued
parallel programs aimed at developing an accurate and operationally
useful Helmet-Mounted Sight (HMS).

There are many potential applications for such a sight, and by
adding a helmet-mounted display, the effectiveness of the pilot can be
significantly increased. The helmet-mounted sight takes advantage of the
human head's natural aiming ability to provide a means of easing the
pilot's manual workload and supplies an additional means of controlling a
sensor or weapon. The'application that has driven the HMS development
was the potential to aim weapons and sensors. The wide field-of-view of
the HMS is ideal for providing course pointing information to narrow
field-of-view sensors. One of the proposed uses for the HMS, is with the
LANA system, to enable to the pilot to take off-set position fixes or
sightings which are used to update the inertial navigation system. Since
the helmet-mounted sight is the principle hardware element in the LANA
system, it is important that any simulation of this system has an

accurate error model.

Modeling Discussion

There are a number of different types of helmet-mounted sights

available commercially. While they all perform basically the same
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function, that of measuring the position and-orientation of the head,

e there are at least fceur entirely different techniques in use today.
Since a particular HMS type has not been selected for use with the LANA
concept, the creation of a model for the helmet aiming errors is
complicated by the variety of possible candidates. All of the available
HMS's use a differnt form of measurement technology; one type uses
infrared light, another electro-magnetic radiation, a third uses a
mechanical linkage, while the last employs ultrasound.

Without elaborating on each of these sights, a detailed review of
the open literature, and discussions with HMS engineers at the Aerospace
Medical Research Laboratory (AMRL), indicates that the electromagnetic
concept has emerged as the pre-eminent system available at this time.
This HMS has been shown to be superior to all other candidates, both in

‘!} terms of accuracy and potential for further improvement (Ref 14).

Polhemus Helmet Mounted Sight

Polhemus Navigation Sciences Inc. (PNSI) has developed an advanced
HMS using electromagnetic techniques called the SPASYN Helmet-Mounted
Sight (SHMS). The term SPASYN is derived from the words Space

Synchronized. The space synchro concept uses an electromagnetic

closed-loop tranaducing and computing scheme which provides precise and
continous measurement of the relative position and orientation between
two independent coordinate frames (Ref 31:400). The electromagnetic
radiator for the SHMS are isotropic core structures wound with three
identical orthogonal coils, giving uniform sensitivity in all directions

over the unit sphere. (A more detailed description of the SHMS operation

is presented in Appendix A.) The radiator is mounted at some convenient
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location inside the cockpit. The sensor is mounted on the helmet as
shown in Figure 7.1. This closed loop system tracks the position of the
sensor relative to the radiator, and resolves 6 measurements to compute

the position and orientation of the sensor and helmet (Ref 31:402).

Accuracy

There are currently two versions of the SHMS system commercially
available, the SHMS II and the SHMS III; a third advanced version, the
SHMS IV is currently undergoing static accuracy test at Wright-Patterson
AFB, in the Aerospace Medical Research Laboratories (AMRL). Each
successive version has demonstrated greater accuracy than that of its
predecessor and added such functions as turbulence filtering and rate
aiding. Approximate accuracy results are shown in Table 7.1 for the
three versions of the SHMS system. These accuracy data have been
estimated using the references sho;n and these estimates have been
reviewed by the engineers who are engaged in HMS accuracy measurements
experiments at AMRL.

The SHMS III and SHMS IV versions have been equipped to supply rate
aiding and turbulence filtering during the processing of the measurement
information in the microprocessor of the electronics unit. With the
turbulence filtering function activated, a digital moving window filter

is applied to the LOS output. This filter reduced high frequency LOS

Jitter that results from aircraft vibration, internal electronic noise

t: and external environmental noise (Ref 32:3-6). The sight is also capable
of supplying rate aiding or filtering, where again a digital-averaging
5 filter, ‘implemented in software, is used to increase or decrease the

ﬁ! . width of the win&ow depending upon the rate of head motion. At high
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A CLOSED-LOOP TRANSDUCING/COMPUTING SCHEME USING A VECTOR
FIELD COUPLING BETWFEN AIRFRAME & HELMET MOUNTED SIGHT

3 AXIS SENSOR STRAP-DOWN 3 AX(S RADIATOR

RADIATOR
EXCITATION

SENSED SYSTEM
e ELECTRONIC
INFORMATION UNIT

v 1

SYSTEM
CONTROL
PANEL

FPigure 7.1 Space Synchro Helmet-Mounted Sight Concept (Ref 12:16)
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RO TABLE 7.1

Aiming Accuracy Data for the Three Versions of the Polhemus SHMS.
ll Accuracy Results are Expressed as the Standard Deviation of Radial Error.
e (Ref 32:29, Ref 14, Ref 6)

Test Aiming Accuracy
Condition Standard Deviation of Radial Error
SHMS 1I SHMS III SHMS IV

Laboratory 0.25 deg. 0.20 deg- 0.15 deg.
Static Grd. 0.40 deg. 0.30 deg -
(installed in

aircraft)

Dynamic Grd. 0.70 deg. 0.40 deg.* had
(installed in

aircraft)

Flight Test 0.80 deg. e bl

* ywith rate aiding and turbulence filtering
#* 1ot available

rates of head movement more of the high frequency components arz passed
(Ref 32:3-6). This adaptive filtering is responsible for the improvement

in dynamic accuracy of the SHMS III version over the SiMS II.

Since the best possible &ccuracy is desired for the navigation
update application of the helmet-mounted sight, it is reasonable to
expect that the SHMS IV version of the Polhemus HMS would be used in a
future LANA aystem. In order to comstruct a model for the SHMS IV HMS,
an estimate of the systems errors once the helmet is placed in
operational use must be derived. This value can be estimated by using

the data from Table 7.1 and extrapolating from the SHMS II and SHMS III

T VYIS ISYRY, i ArdiFd
RN 0 AGSRSIOHAGAS B A LTINS
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results to predict the accuracy of the SHMS IV. After examining the

accuracy data and from discussions with the AMRL engineers the magnitude

YOSy I * IR

of the SHMS IV operational aiming error was estimated to be approximately
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0.4 degrees standard deviation of radial error (Ref 6).

To develop a complete model it is necessary to have more information
about the nature of the helmet-mounted sight aiming errors, in addition
to a figure for the magnitude of the errors. To define the nature of

these errors it is necessary to look at their source(s) and determine the

means used to compensate for them.

Cockpit Mapping and Compensation. The accuracy data shown in Table

7.1 for the laboratory test conditions indicates that in a magnetically
clean environment the SHMS system is extremely accurate. The laboratory
accuracy data represents the resolution limits of the system, i.e. the
finite wordlength of the processor is one limit. Since the SHMS systen
is based upon an electromagnetic sensing concept, the stray magnetic
fields produced ﬁy metallic objects in the cockpit will further degrade
the system's accuracy.

To overcome this problem, the cockpit is surveyed or mapped to
determine it's magpetic field characteristics. This mapping procedure is
performed when the radiator is first installed. The mapping information
is used to generate a compensation polynomial, similiar to that used to
compensate for canopy distortion as discussed earlier. This polynomial
is used in the SHMS microprocessor to compensate the LOS measurements for
the stray magnetic fields. JIf it were possible to map the cockpit and
generate a perfect compensation polynomial, then accuracy equivalent to

that seen in the laboratory could be expected.

Modeling the Helmet-Mounted Sight Hardware

The mapping and compensation performed when the helmet-mounted sight

ha;dware, principally the radiator, is installed in a particular
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aircraft, removes the bulk of the aiming errors. The remaining or
residual azimuth and elevation hardware errors result from our inability
to map perfectly and compensate for stray magnetic fields in the cockpit.

The stray or ambient magnetic fields are a result of the magnetic
mat;rials present in the cockpit. It is assumed that the magnetic field
present in the cockpit are constant for all time as long as the equipment
configuration in the cockpit does not change. Magnetic materials carried
into the cockpit by the pilot are not accounted for by the compensation
procedure.

Unfortunately, the information to describe the residual errors is
not available in the open literature. The magnitude of these residual
errors are known to have a radial error standard deviation of
approximately 0.4 degrees. The actual residual error data and
compensation polynomial is‘propriatory information and the USAF has not |
conducted sufficient tests td\estimate these errors (Ref 33).

However, the following iéformation is known about the residual
errors: \

1. The residuals are spatﬂ:l functions, i.e. they are time

invariant, rather the error\is a function of the sighting angle.

2. Over small angular segmegts in look angle, the errors are

correlated; i.e. a measurement at -45° azimuth and a second

measurement at -47° azimuth c:kybe expected to have errors which
have some degree of correlation. Tests conducted at the Aerospace
!edicai Research Laboratory at Wright-Patterson AFB indicate that
the azimuth errors can be correlated over segments of up to 6

degrees in szimuth, while elevation errors appear cerrelated over

segments of approximately 2 degrees in elevation (Ref 14). More
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details regarding the nature of the correlation are not available at

this time.

3« The errors are repeatable at each look angle, i.e. if a
measurement is taken at the look angle 23° in azimuth and 8° in
elevation and the helmet sight error had a value x, then at any
point in time another measurement taken at that same look angle
would produce exactly the same error x.

4. PFrom the literature the overall accuracy of the state of the art
HMS, expressed as a standard deviation of the radial aiming error is
0.4 degrees. Although this information does not completely describe
the helmet errors it is known to be a good estimate of the magnitude

of the error.

Before a model is deyeloped from the available data it is useful to
propose a method which could be used to model the helmet errors if the
residual data were available in the form of a spatial power spectral
density (PSD). Lacking hard data with which to develop a model the
magnetic field effects satisfy the Laplace function, similiar to other
field effects such as the gravitational field. As a first approximation
the magnetic field effects are assumed to be adequately represented by
this first order linear system (Ref 40:87). The model could then be
developed as follows:

1. Curve fit the PSD data to a transfer function which is a

function of angle (azimuth or elevation), in a manner similiar to

that used for the vibration PSD's of the previous chapter.

2, ° The correlation angle @, could be selected to produce a best fit

to the empirical PSD data, and a linear (spatial) filter driven by
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white Gaussian (spatial) noise as shown below:

! vw(6)—3 sde » X (error)
a ‘ ] where w 1is white noise

1
9¢

f 1is the transfer function

© 1is the look angle

2

Where the model is described by

= -5 x(8) + w(0).

r.
»
>,
e
£
I:_

and
202
E [w(o)w(e +20)] =55 8( ).
4. The discrete approximation -to the linear filter can then be

AO
generated as x; =€ & x; _; + wyi.

ii; 5« At the beginning of each LANA Monte Carlo run, the discrete

3 approximation to the.linear filter can be used to generate a

# e sequence of azimuth and elevation errors over the entire field of
:E? . viewv.

6. These sequences of errors can be stored as a look-up table and a

linear interpolator could be used to produce the true azimuth and
elevation errors for each look angle at the fime of measurement
update. The azimuth and elevation errors for that look angle would
be added to the other errors corrupting the measurement.

7. This technique provides the desired features of repeatability at
any given look angle, preserves the correlation properties of the

errors, and over a sufficient number of Monte Carlo runs the results

would approach, in the limit, the power spectral density functions

T ¥
¥

MRy - A
AR ORI

of the original data.

Model Description. Since insufficient information exists to develop

-

the type of model described above, an alternative method must be found
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which uses the available information and preserves as much of the known

characteristics as possible. The magnitude of the radial error, as noted

earlier, is modeled as 0.4 degrees standard deviation of radial aiming

.t-v.v.-‘vv._,- IR
e e P P

error. Assuming an isotropic distribution of the residual, and using the
conversion from radial errors to the bivariate normal distribution of

Chapter III the value of ¢ is:

g * dgpg = ogp, * 0.61 deg., or 10.65 milliradians

3
(3N
Mo
bl
N
-
-
N
R

From the preliminary experimental data the residual errors are estimated
to have the following correlation intervals:
Azimuth correlation interval: 6 degrees

Elevation correlation interval: 2 degrees

Therefore the error model was constructed by generating two sequences of
‘€ errors; one sequence was based on the Opz value over the azimuth

- field-of-view of +90 degrees with a six degree correlation interval. The
FI second sequence was based upon the value of OgL over the elevation

Zé field-of-view of +45 degrees, with a correlation interval of two degrees.

The Polhemus HMS sight is capable of tracking the pilot LOS over + 1800
in azimuth and * 759 in elevation. The field- of-view used in this model
are based on the limits set in the LANA simulation. The azimuth and
elevation field-of-view limits are those set by the LANA_simulation. The
two sequences were generated at the beginning of each Monte Carlo run by
using the value of 0,7 or opy to generate two seqences of Gaussian random
nunbers, which have statistics such that they are of zero mean and have a
standard deviation matching 0,5 or op. These discrete number sequences
were used as look-up tables, on which a linear interpolator was used over

a 6 degree interval or 2 degree interval respectively to determine the

{}; azimuth or elevation error for each discrete look angle. Thus the

116

-

.
¢
|
k!
At N LA T T e . . B . . M
R PRI I S T DS ST AT IR P DATEPLI S IPOE TSP WAL IO RPN PR ST TP DAL TS e B -




magnitude of the residual error is based upon the standard deviation
value, and the correlation between the errors drops to zero after two
sample intervals. In the case of the azimuth residual error two errors
separated by more than 12 degrees have zero correlation. Lacking hard
data these correlation interval approximations are believed to
approximate the shape of the actual autocorrelation function. PFigure 7.2
is an example of what the sequences of numbers might appear like if

plotted as error magnitude versus look angle.

x 6 deg
Quw l';nter'var.l
£s
u:o— _____________
Z
1z
0 g
§z r— S N R
-16 -14 12 1o -2 0 2 6 nay 16
4-12-10 4 8 %166k akste (de%)10 274

2 deg
L-interwal

o

MAGNITUDE

RESIDUAL ERROR

%6 W12 108 64 2 0 2 4 S8 O 5 4 15
ELEVATION LOOK ANGLE (deg)

PR

Figure 7.2 Sample Discrete Number Sequences Generated by Subroutine GAUSS

This modeling technique accurately simulated the magnitude of the
errors while preserving the correlation property that exists over the
small angular intervals. By using a look-up table, the spatial
repeatability of the errors is retained since any discrete look angle
will consistently return the same value of azimuth and elevation error to

be added to the combined measurement errors  in the LANA simulation.
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- Errors Due to Boresighting the HMS

1, 5 -
',‘. DA
<
¥

Prior to each mission the helmet-mounted sight is "boresighted";

this initialization procedure is a calibration of the system in which it

R
Nares
o o 70

derives a rotation sequence that converts values then measured by the
ii system to zero. To boresight the helmet the operator superimposes the
ifﬁ reticle on a reference, which is normally put on the Heads-Up Display
s (HUD) or the Lead Computing Optical Sight (LCOS). When the operator is
: satisfied with the reticle alignment with the boresight reference, the
operator depresses the auto-acquisition switch on the control stick, and
the system resets or calibrates this LOS as the O degree reference angle
(Ref 32:3-4).
The boresight procedure has a radial alignment accuracy of
approximately 1 milliradian, Circular Error Probable. This error is set
Q!! at the instant the operator presses the auto-acquisition switch and
| remains constant over the duration of the mission (Ref 6). Thus the

boresight error can be modeled as a random constant with 1 mr. CEP.

Assuming the errors are isotropic the azimuth and elevation bivariate

normal distribution one sigma values are 0.85 mr.

v el anda bahd
06 ¢ YRR

This boresight error model was implemented in the LANA simulation by

d generating an azimuth random constant truth state and an elevation random
- constant truth state, both of which ha& initial one sigma values of 0.85
i; mr. For each Monte Carlo run the initial one sigma values for the two

ié boresight states were set by using the value of .85 mr in calls to the

$

SOFE subroutine GAUSS to generate the actual initializing value.
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line-of-sight bearing angle, or the target angular rate.

Zag*Zaz*BHuy g (w) *Eyiby (t) *Ecan, , (8)*Eje1,,(0)*ERs, ,(t)+ vy, (8-1)
25121 *Egug, (0)*Evib,  (+)*Ecang, (0)*Eye1 g, (0)*Epsy, (t)+vg) (8-22)

where EAz and 531 are the azimuth and elevation measurements.

L
:
e

Zp, and Zgp; are the sines of the true azimuth and elevation

angles.

EHquand EH“El are the azimuth and elevation components of
the human sighting error as a function of

target angular rate (w),

EVibAzand EVibEl are the azimuth and elevation components of

the vibration error as a function of time,

ECanAzand EcanEl are the azimuth and elevation components of
the canopy refraction error as a function of

the LOS bearing angle (9).

EnelAzand EHGlEl are the azimuth and elevation components of

the helmet hardware error as a function of

the LOS bearing angle (9).

E EBsAzand Egsp, are the azimuth and elevation components of

the boresight error; this is a time dependent

error model.

Vjpg and Vg are the fictious noises added to each

measurement to account for unmodeled errors.
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The vibration and boresight error models, Eqs (8-1) and (8-2), are
time dependent. As described in Chapter VI the vibration error is
modeled as a second order Markov process for both the elevation and
agimuth components of the error. The boresight error model is modeled in
Chapter VII as independent random constants for the azimuth and elevation
components. As shown in Table 8-1, the measurement truth states numbers
48 and 49 of the original LANA truth model (see Table 2-1) have been
replaced with new truth states which represent the boresight and
vibration error models. The new truth model has allocated states number
48 and 49 to the boresight random constant model, while the states
numbered 50 through 53 have been used for the vibration second order
Markov models. The detailed descriptions of these models are presented
in Chapters VI and VII. The helmet, canopy, and human error models have
each been implemented in the LANA program as function subroutines. For
example, the model of the human operator supplies the value of the
target’'s angular rate to a subroutine which determines a value of human
operator error froﬁ the curves of Fig 4.5. This error is added to the
measurement at each update cycle. These function subroutines are called
during each measurement update cycle to contributed the appropriate value
for each error source. The additive white measurement noise (v) in Eqs
(8-1) and (8-2) is.;ntended to account for the measurement errors that
remain unmodeled in one of the five error components of the model. These

unmodeled errors were either too small to be considered significant or

there was not enough information from which to develop a model. The
E% effects of in-flight g-forces on the human aiming accuracy is an example
of the unmodeled errors. The HMS error model presented here is believed

~..%0 be & reasonably.x .¢urate representation of the actual HMS errors.
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Therefore, the one sigma value of the additive measurement noise (v) per

axis. In the simulation program the value of one milliradian is used by
the SOFE subroutine GAUSS to generate the additive white measurement
noise that is added to the azimuth and elevation measurements at each

update cycle.

Error Budget

r

The following error budget was developed to indicate the relative
magnitudes of each of the individual error terms. The budget values are
estimates of the effect of each term based upon data derived from the
development of the separate error models. For example, the estimate of
the vibration error (Ey;,) was found by solving

P = Fp + PFT + ot
with P set equal to zero. Where the P-matrix is the 2x2 covariance
matrix of the azimuth or elevation vibration process. The diagonal terms
of the P-matrix represent the steady-state variance values for each of
the vibration states. OQther terms were average values; since the human
error is a function of the target angular rate, the average target rate
was estimated from the simulation trajectory data to be approximately 4
degrees/second. By using the plot of Figure 4.5 the error value of 6.0
milliradians was selected for the errar budget. The following are the
estimates of the circular distribution standard deviation values for each
of the error terms, estimated using the quantitative values from the
models previosly developed. When only a single sigma is mentioned, it
applies to both axes:

Helmet Hardware Error - Ey.,(@), ¢ = 10.66 mr

Helmet Boresight Error -EBs(t), ¢ = 0.85 mr
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Human Error - Ejy (),

Azimuth

EHe1l * 10.66

Egs = 0.85

Enu - 6.0
- Ecan = 1.2
X Eysp = 8.0
Eﬁ vV = 1.0
4
x RSS G, = 14.69 mr
.. = 0.84 deg

TR

T

--------
......

Errors range from c=2.6mr at O deg/sec to
¢=15 mr at '5 deg/sec (Figure 4.5).

Based upon an average estimated target
angular rate of 4 deg/sec

o = 6,0 mr

Canopy Refraction Errors - ECan(°)

Opgz = 1.2 mr estimated from Table 5.7

op1 = 3.2 mr estimated from Table 5.8

Vibration Errors - Eyjp(t), by solving iP=FP+PFT+GQGT

Gpz = 8.0 mr

O'El = 15.0 mnr

Additive Noise - V, ¢ = 1.0 mr

The cumulative effects of these errors in the simulation can be

approximated by computing the Root Sum Square values as follows:

Elevation

Eggs = 0.85
By, = 6.0
Ecan = 32
Eyip = 150
v = 1.0

RSS%; = 19.64 mr
= 1.125 deg
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Filter Revision

The original fifteen state filter shown in Table 2-2 was revised by
retuning to account for the changes.to the truth model from the new HMS
error model. The original LANA filter modeled two biases being present,
one in each axis and each uses a first order Markov process with an 1800
second correlation time constant. Before considering the addition of
more states to the filter, it was decided to attempt to re-tune the
existing filter states. The filter measurement noise statistics on
states numbers 14 and 15 were revised as shown in Table 8-2. The
correlation time constant was set to 0.3 seconds, to match the time
constant of the vibration second order Markov states. As shown in the
error budget, the vibration error terms are the largest single error
source. They also have the shortest time constant of all the errors.

C! The intial one-sigma values for the two filter measurement states
were made equal to the RSS values of the error budget. The noise

spectral density was calculated using the state time constant and the RSS

error budget values as follows: (Ref 29:185)
Q= 3%3 where Q is the noise spectral density

T is the correlation time constant

0 is the RSS one sigma value
Thus, the measurement dynamics model is tuned by revising the time
constant and the RSS error budget one sigma value to match the noise
spectral density generated by the five error terms. The measurement

noise matrix (R) was revised by matching it to the RSS one sigma values.

Performance and Sensitivity Analysis

In order to illustrate the effects of the new helmet-mounted sight
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error model on the original and revised LANA filter performances, the

following series of Monte Carlo studies were conducted:

Number of Monte Truth Filter
Carlo Runs Model Model
A. 30 Original Original
B. 30 Original Original
C. 30 New Original
D. 30 New Revised

Comments

Free inertial performance test
with all measurements turned off.

Illustrates effects of new errors

Revised filter performance

Studies B, C, and D are HMS aided inertial studies with both azimuth and

elevation measurements simulated.

The following series of Monte Carlo

studies were also performed to illustrate performance sensitivity to each

of several individual error sources.

Truth
Model

Number of Monte
Carlo Runs

Filter
Model

Error source studied and
percentage of nominal error value

20 New Revised

20 New

Revised

20 New Revised

20 New Revised
20 New

Revised

20 New Revised

131

Helmet errors (Ep.;), one sigma
at 1003 of normal value. All other
errors at normal values.

Human errors (EHu). one sigma at
110% of normal value. All other
errors at normal values.

Canopy errors (Epg,), One sigma at
110% of normal value. All other
errors at normal values.

Boresight errors (Epg), one sigma
at 110§ of normal value. All other
errors at normal values.

Vibration errors (EVib)' one sigma

at 1102 of normal value. All other
errors at normal values.

Measurement noise (V), one sigma at

150% of normal value. All other
errors at normal values.
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20 New Revised All errors set to zero; this gives
the performance of the system as if
it were receiving perfect
measurements.

20 Rew Revised All errors at their normal values,

to be used as a baseline to compare
with the above studies.

The five error states described in the previous chapters were all
subjected to a sensitivity study as shown above. The one sigma value of
the particular error term being studied was increased to 110 percent of
its normal value. The remaining error terms were left at their normal
values. The white measurement noise value was increased to 150 percent

of it's normal value to evaluate the sensitivity of the model and filter

to very large changes in the noise value, since the strength of the
unmodeled error could be much larger than assumed.
The sensitivity studies were performed using only 20 Monte Carlo

runs versus the standard 30 runs to conserve computer resources and speed

. fﬂ:,‘..f.'.."s'::-

the run time of the programs. Therefore it is necessary to demonstrate
that 20 runs are still a valid statistical representation of the system

performance. To check this assumption a plot program was written to

'—-v,—r-
. P W

overplot on the same graph the system performance index, in this case the
CEP of RMS position error was used. Using the data file from the 30 run

study performed with the new truth and filter models, plots of the CEP

T BE LT

[/
KN

values for the 10, 15, 20, 25, and 30 runs were generated. For the

E ensemble of error realizations over 30 runs, Figure 8-1 shows the five
5 CEP plots. The lower plot line is the 10 run plot, while'the upper line
E is the 30 run plot. From these plots it is appareat that the 20 and 25
E run studies produce results which are consistent with those obtained from
E the full 30 run study. It is therefore acceptable and practical, in this

case, to use only 20 Monte Carlo runs to perform the sensitivity studies.

IO
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IX Results

This chapter presents the results from the performance and

sensitivity studies described in Chapter VIII. At this point it is

.important to emphasize that the actual results of this thesis are and

were intended to be the development of the error models for the
Helmet-Mounted Sight system. The performance and sensitivity analysis
was not intended to be a rigorous demonstration of the tuning of & Kalman
filter or the implementation of these error models in a simulation
program. Rather these analyses were performed to illustrate some of the
effects that a more realistic error model can have upon the performance

of a navigation system simulation.

Performance Index

In order to show the results of the performance and sensitivity

studies some form of performance indicator or index was required. Two

‘indices of performance were chosen based upon the nature of the LANA

mission. During the LANA mission simulation, the pilot must accurately

navigate his aircraft to the target area. In this phase of the flight
the aircraft position estimate is the critical measure of performance.
Theefore, the Circular Error Probable (CEP) plot of the aircraft actual
and estimated Root Mean Square (RMS) horizontal position errors was
chosen as one of the performance indexes. Upon arrival at the target
zone, the pilot makes visual or sensor contact with the target and at
this time ﬁhe critical factor for weapon delivery becomes the estimates
of the eircraft velocity. Therefore, the second performance index was
chosen to be the plot of the Root Sum Square (RSS) of the actual east,

north, and vertical velocity error one sigma values.
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The plots shown in this section were generated by using the SOFE
companion plotting program called SOFEPL, "A Plotting Postprocessor for
SOFE" (Ref 46). Both the CEP and RSS of velocity plots are SOFEPL type
18 plots. The CEP plot is based on latitude (Lat) and longitude (Long)
position errors and has two curves. One curve is the CEP as computed
from actual RMS position errors which are formed by differing the truth
and filter states. The other curve is CEP as computed from Lat. and
Long. sigmas from the filter covariance matrix; this curve represents the
filter estimate of the horizontal position error. The plot of the RSS of
the velocity error was computed using the difference of the truth and
filter states to calculate one sigma values in each of three axes and

then finding the RSS of the three velocity sigmas.

Free-Inertial Performance

The simulated flight profile extends over a period of 7200 seconds.
Por the first 1440 second the flight is over water during which time no
position updates are available. Landfall occurs at 1440 seconds at which
time the aircraft enters a terrain following mode and begins to take
updates. The flight profile approaching and exiting the target zone
contains a number of turns and jinking maneuvers. Plots of the flight
profile are shown in Figure 9.1.

To demonstrate the unaided or free-inertial performance of the LN-15
local-level inertial navigation platform, a 30 run Monte Carlo study was
conducted without measurement updates. The baro-altimeter model was
retained to stabilize the vertical channel, but no HMS position updates
wvere provided. The results of this study are shown in Figures 9.2(a) and

9.2(b). The CEP position error plot of Figure 9.1 shows that after only
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2500 seconds (43 minutes) the CEP value is About 7600 feet. By the end
of the mission the error has grown to 8800 feet. The CEP plot of the
filter covariance values indicates that the free inertial filter estimate
follows the acutal error growth reasonably well.

The plot of the Root Sum Squared values of the east, north, and
vertical velocity error one sigma valueé, is shown in Figure 9.2. These
velocity errors rapidly climb to 6 feet per second and then oscillate
between 3 and 6 feet per second for the remainder of the mission. The
position CEP and the RSS of velocity error plots demonstrate the need for
some method of position aiding for this inertial platform to improve it's

accuracy.

Original LANA Performance

The performance of the original filter against the old or original
helmet-mounted sight truth model is shown in Figures 9.3 and 9.4. The
original LANA system employs a'simplified model for the HMS errors. The
original LANKA truth and filter models for the HMS measurement errors uses
two first order Markov processes, one for each of the azimuth and
elevation components. These Markov processes head a correlation time
constant of 300 seconds and an initial one sigma value of 0.28 deg (see
Table 2.2). These uriocumented measurement models were "best guess"”
estimates of the measurement errors. The plot of the CEP of the RMS
position errors, shown in Figure 9., indicates the growth in position
error from the beginning of the mission until the 1440 second point. At
this time position updates from the HMS begin and the position error
settles down to an approximate average value of 600 feet. The plot of .

the RSS velocity error values, shown in Figure 9.4, also show a growth in
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the error until the beginning of position updates at the 1440 second
point. Thereafter, the velocity error value stabilizes at approximately

1.5 feet/second.

New HMS Truth Model and Original Filter

The change in the performance of the LANA system, when the original
HMS truth model is replaced by the models developed in the previous
chapters, is shown in Figures 9.5 and 9.6. This 30-run Monte Carlo study
was intended to illustrate the effect of more realistic truth model upon

the original filter's performance. The plot of the CEP of the actual RMS

position error, shown in Figure 9.5; indicates the growth in error when
compared with Figure 9.5. The average CEP values grows from 600 ft to
approximately 2600 ft or a 300% increase. The RSS of actual velocity
errors increases from 1.5 to 3.5 ft/sec for a 130% increase. Despite the
different truth model, the CEP of the filter position covariance values
still dominates the actual position error from the 2000 second point in
the mission onward. The plot of the RSS of velocity error one-sigma
values, shown in Figure 9.6, indicates that the new HMS truth model has
caused the velocity errors to increase to between three and five feet per

second.

New HMS Truth Model and Revised Filter Model

The plots of Figure 9.7 and 9.8 show the improvement in the LANA

system performance when the Kalman filter is revised to account for the

new HMS truth model. Recall that the following actions, given in Chapter
VIII were performed to return the filter model:
a. Revise the values of the dynamical model

-

1. T = 0.03 sec
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2. Matched Q -4 RSS,, * 0.84 deg.
=9 RSSg; = 1.12 deg.
b. Alter the measurement noise matrix (R) by matching it to

A RSS error budget values.

The plot of the CEP of actual position errors, shown in Figure 9.7,
demonstrates that the filter revision has reduced the average position
error to approximately 670 feet. The actual RSS of velocity errors now
has an average value of approximately 2.0 ft/sec. It is not necessarily
N surprising that the position error is still larger than that seen in the
original filter performance with the original truth model. Since we are
now trying to estimate larger and more complex HMS errors’with exactly
- the same number of filter states, the filter may not perform as well.
However, a uming that the new HMS truth model is much closer to the real
world errors, then the original filter if used in a real system would be
2} expected to have performance values closer to those shown in Figure 9.7
: than fo those in Figure 9.3.
Once again the growth in position error is rapid during the first
1440 seconds of the mission until position updates begin. After the 2000
second point in the mission, the plot of the filter covariane values for
position error indicates that the actual position errors are closely
tracked by the filter. The plot of the RSS of the velocity error
component one sigma values, shown in Figure 9.8, indicates that once the
position updates begin the velocity errors decrease, and after the 5000
second point in the mission they stabilige at approximately 1.5
feet/second.

Ta demonstrate that the revised filter has been properly tuned, an
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ensemble of additional plots have been included in this section. These
plots, Figures 9.9 to 9.16, were intended to verify that the filter
states track the truth states. To illustrate that the filter is tuned,
the north position, velocity, and tilt plots from a specific case (run
number 14) are presented. Figures 9.9 and 9.10 show that for a single
Monte Carlo run the filter estimate of the north position closely tracks
the actual position error. The same close tracking performance of the
filter is shown for the velocity and tilt states in Figures 9.11 through
9.14. Figures 9.15 and 9.16 shows that the actual covariance values are

bounded by the filter covariance estimates.

Sensitivity Analysis

To provide an indication of how sensitive the filter may be to
changes in any of the individual HMS error terms, an abbreviated
sensitivity analysis was performed. It is an abbreviated analysis in the
sense that the sensitivity of each error source was only studied at one
value, that being 110% of the normal one sigma value. This was done to
conserve computer resourcesAand because this was not intended to be a
detailed study. Normally a full 30 run Monte Carlo study would be
performed at possibly 80%, 90%, 95%, 105%, 110%, and 120% of the normal
value, for each error term. The single value analysis of each term is
intended to give a preliminary indication of filter sensitivity. The
sensitivity study for the additive white measurement noise (v) was done
at 150% of its normal one sigma value. This figure was chosen because
the estimate of the additive noise to account for unmodeled errors has
the highest probvability of being inaccurate. The results of these

sensitivity studies are discussed later in this chapter.
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The plots of the CEP of position errors.and the RSS of velocity
errors, for the new truth and revised filter models, with ail the errors
at their normal values are shown in Figures 9.17a and 9.17b. These plots
are the baseline against which the other sensitivity studies are
compared. Figures 9.17a and 9.17b represent the same error conditions as
used for Figures 9.7 and 9.8. Because the sensitivity studies use only
20 Monte Carlo runs, Figures 9.7 and 9.8 cannot be exactly compared with

sensitivity plots, due to the 30 run vs 20 run difference shown in Figure

8.1.

Zero Error Condition

A 20~-run Monte Carlo study was performed with all the HMS truth
model error terms set equal to zero. Only the truth model was changed,
the filter remained the same. With all the measurement error removed the
HMS measurements were essentially perfect. The plots of actual and
predicted position CEP, Figure 9.18, and the RSS of actual velocity
errors, Figure 9.19, illustrate the improvement in performance. These
figures show that with all the HMS error sources "turned off" the CEP
drops for 600 ft to approximately 250 ft while the RSS of actual position
errors approached 1.0 ft/sec. By comparing the actual position and
velocity errors from these plots with those of Figures 9.7 and 9.8, the
contribution of the HMS errors to the total system errors becomes

apparent.

HMS Error Sensitivity Studies

The results of the sensitivity studies performed on the six HMS
system error terms are shown in Figures 9.20 to 9.31. These plots show

the CEP of position errors and the RSS of the velocity error one sigma
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values for the helmet, human, canopy, vibration, boresight, and additive

noise error terms of the HMS error model. A comparison of these plots
with the normalized system of Figures 9.17a and 9.17b show that a 10%
change in the magnitude of these error terms has a very srill effect upon
the performance of the filter. Small changes in the position and
velocity plots can be seen by overlaying the respective plots with the
baseline plot. When a difference between the sensitivity plot and the
baseline plot exists it usually occurs in the first 3000 seconds of the
mission. The differences in position and velocity error are point
differences that occurs at the beginning of the mission. Further into
the mission there is no detectable differences between the plots of
Figure 17 and the sensitivity plots. The point differences found were
differences of 100 ft or less in CEP and 0.3 ft/sec or less in velocity.
':! Prom these preliminary results it can be concluded that the filter is

relatively insensitive to 10% changes in the magnitudes of the errors.
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X Conclusions and Recommendations

Conclusions
The original intention of this study was to develop the HMS system
error model based upon the results of experimental data which have been

published in the unclassified literature. This model development effort

was successful in identifying three major error contributions. These
ﬁii were the Helmet-Mounted Sight equipment itself, the human operator, and
the environment. The HMS equipment errors are the residuals that remain

after the cockpit has been mapped and the system compensated for stray

magnetic fields. The human operator model reflects how well the human
can sight moving targets. The human sighting accuracy is a function of
the target angular rate. The environmental error terms include the
effect of the aircraft vibrations upon the pilot sighting accuracy and
the degradation of accuracy dve to the canopy refraction errors. This
HMS system model was implemented into the LANA simulation and the effects
of the new or more accurate truth model were demonstrated. The existing
Kalman filter was retuned to match the new truth model and satisfactory
performance of the LANA simulation was restored. The sensitivity
analysis did not reveal the filter to be sensitive to 10§ changes in the
magnitude of the errors.

The canopy refraction error model could not be modeled from the
literature. The lack of information in the literature required that an
experiment be conducted to measure representative angular deviation or

refraction data. The latest version of the canopy angular deviation

measurement equipment was made available by AMRL and was used to measure

the refraction of a typical F-16 canopy. It was alsoc fortunate that the
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vi AMRL is heavily involved with the design and testing of advanced versions
=y RN of the HMS hardware and electronics. The information provided by the
AMRL engineers was essential in developing accurate HMS equipment models
and human operator models.

It should be noted that some of the elementé in the HMS error model
were specifically designed to suit the LANA mission. For example, the
human operator model was designed around the "sight and pickle"” aiming

mode. This model may not be ideally suited to other studies that employ

the pure pursuit tracking mode. Also the canopy refraction and vibration
models were necessarily modeled after a particular aircraft. Although
gi every effort has been made to generalize these models, any future user
should determine if the aircraft under study is well represented by these

models.

The results of the performance and sensitivity analysis were
intended to show the effect of the new truth model upon the performance
of an existing filter within a given simulation. The results of the
performance study shows that the original truth and filter models were
better than they were believed to be prior to the-completion of the
analysis. The original filter was expected to become degraded markedly
when an accurate HMS truth model was used in the simulation progranm.
This prediction did not occur; the position and velocity errors bdecame

much larger, but the filter remained convergent and after retuning

yielded performance comparable to the original estimates. This result is

supported by the error budget for the six HMS error terms under study.

Although individually some of the terms are large error sources, the RSS

Fi values of the azimuth and elevation components of the system aiming error
o {fj are less than three times the values used in the original filter. Thus,
[i
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:2 with a small amount of filter tuning, the revised filter was able to

o e produce results equivalent to those seen with the old filter and truth
E’ model.

E The error sensitivity analysis indicated that the filter is able to

accommodate small perturbations in the magnitudes of all of the six error
terms. To develop full confidence that the filter is not sensitive to
changes in one or more of the error terms, a more extensive analysis
would be required.

The Helmet-Mounted Sight system error model developed in this study
includes all of the significant error sources which are known to
influence the HMS aiming accuracy. These error sources include the sight
equipment, the human operator, and the operational environment. The
equipment errors considered were the inherent accuracy of the HMS

(1! equipment and how accurately this equipment could be aligned or
calibrated. The human error terms examined were the basic human head
aiming abilities for both the static and moving target cases. The effect

of whole body vibration, that is transmitted to the head, upon the human

aiming accuracy was also included in the error model. Laat, the aiming

Ty

error that is induced by the canopy refraction was measured and

%i incorporated into the error model. The performance and sensitivity
;3 ’ analysis sections of this report illustrate the need for an accurate
E; model of the HMS errors and the improvement in inertial navigation
é; performance achieved by using the HMS position updates.

Recommendations

vy
CERER

To make this HMS error model more generally useful to future

studies, information to complete the vibration and HMS equipment errors

2 1 e

G
V.
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is required. The vibration model is based upon the power spectral

e deusity data of the helmet tracking error. The shape of the PSD curves
over the given frequency range is believed to be generally the same for
most other aircraft types. However, given any aircraft type, it is not
always known how much to shift the curves up or down the ordinate axis to
model the magnitude of the vibrations for that particular aircraft. 1In
the HMS model described in this report the PSD's for the F-4 aircraft
were approximated from the Canberra aircraft PSD data. For this
vibration model to be widely applicable the conversion factors to the
F-16, F-15, F-18, and other potential LANA aircraft, are required. The
information about the HMS hardware residuals was not available. To
complete this model the nature of the correlation between the errors is
needed to supplement the error magnitude data given in this report.

¢!! The time limits on this study precluded verifying the accuracy of

the error budget given in Chapter VIII. A suggested method of validating
. these numbers would be to conduct a series of Monte Carlo studies in
vhich the error terms of the HMS truth model are "turned on" individually
to determine the separate effects of these sources (Ref 29:339). The
plots of each individual error source could be compared with the zero
error plots of Figures 9.18 and 9.19 to determine the actual magnitude of

that error. By repeating this process for each of the six error terms

- ——TY
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the relative magnitudes of each error can be found and compared with the

error budget.
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APPENDIX The SPASYN Helmet Mounted Sight (SHMS)

The SPASYN (Space Synchro) Helmet-Mounted Sight is designed and
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manufactured by Polhemus Navigation Sciences, Inc. (PNSI) in Essex
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Junction, Vermont. The SHMS system measures the pilot's line-of-sight to
a target with respect to aircraft coordinates, and processes that
information for use in direct control of weapon delivery systems and
remote sensors. The heart of the system is the helmet-mounted
electromagnetic device which senses the head position and attitude
relative to the selected reference frame. The system determines the
line-of-sight by measuring the anguiar/Spatial relationship between a
radiator fixed to the aircraft and the sensor mounted on the observer's
helmet (Ref. 31:4).

System Components. The SPASYN concept is a closed-loop transducing

and computing scheme which provides a precise and continuous measure of
the relative position and orientation between two coordinate frames. The
SHMS system is comprised of three function components: a three-axis
electromagnetic radiator, a three-axis electromagnetic sensor, and a
system electronics unit.

The Radiator Assembly 1s'permanent1y mounted in either the cockpit
or on the inside surface of the canopy. The radiating device is a
ferrite core structure around which an orthogonal array of roils is
wound. This core and coil assembly is excited by the System Electronics
Unit (SEU) to produce the controlled nutating magnetic field by which the
closed-loop system tracks the sensor located on the pilot's helmet (Ref
31:401).

The Sensor Unit is located under the pilot's helmet visor protector.
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It includes a sensing device which is smaller than, but otherwise

& similiar to, the radiating device. The sensor weighs approximately
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six-tenths of an ounce, and is connected to the SEU by a pig-tail which
weighs one-half ounce. The sensor unit is oriented precisely with

reapect to the observers headgear, which includes the necessary optical
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sight or reticle used by the observer to establish his line-of-sight.
The sensor and reticle are both fixed to the helmet and boresighted (Ref

30:401).
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The System Electronics Unit (SEU) is a single unit containing the
power conditioning, analog signal cenditioning, and interface electronics
required to continuously determine the pilot's line-of-sight angles
(azimuth, elevation, and roll) relative to the aircraft reference'ftame

(Ref 31:3).

System Operating Principles. The SHMS sytem is an all-attitude, six

degree-of-freedom, position and orientation measurement device. More
precisely, it measures the two angles (=,8) that define the direction to
the sensor from the radiator, and the three angles (¥,0,4) that define
the relative orientation of the sensor to the radiator. The azimuth and
elevation angles used in LANA can readily be defined from these five
angles. The SHMS is a full six degree-of-freedom measurement system,
that is, a system that provides range (R) determination (distance between
sensor and radiator) as well as the five angular measurements (Ref
30:402) .

The radiator coordinate frame, designated XYZ, represents and

defines the SHMS reference frame. It is oriented to align with the
aircraft body coordinate frame. The angular degrees-of-freedom, which

correspond to the five measured angles, the range, and the geometry
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relating to the various coordinate frames is illustrated in Figure A.1.
This system uses an inverted “right-hand” coordinate frame. The X axis
is positive forward (toward the nose of the aircraft). The Y axis is
positive along the right wing of the aircraft, and the Z axis extends in
the direction of the x cross y vector. The radiator coordinate frame
X,Y,Z is defined by the axes of the radiator. The sensor position is
specified in rectangular (X,Y,Z), or spherical («,8,R), coordinates
defined relative to the radiator coordinate frame (Réf 12:402).

The radiator coordinate frame is defined during installation and not
during boresighting. The mapping of the system aligns the system angles
a , B, 4, 6, and ¢ to the aircraft reference frame. Boresighting, on

the other hand, mathematically aligns the sensor to the operators
line-of-sight.

':! Basically, the system tracks the position and orientation of the

| sensor by determining small changes in the coordinates and then updating

the previous measurements. These computations are accomplsihed with
linear rotation transformations that yield quantities linearly
proportional to these small changes. This information is transformed to
the desired coordinate frame and used to upcate the previous
measurements. FPigure A.2 illustrates the PNSI SPASYN concept (Ref
32:4-4).

Radiator-Sensor Coupling. The radiator and sensor units of the SHMS

system each consist essentially of three identical orthogonal windings on

some core structure with radiating and sensing properties which are

isotropic. The excitation of three radiator coils and the resultant

sensor output are represented as vectors. The excitation produces the

equivalent of a single axis source dipole of arbitrary direction as shown
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A CLOSED-LOOP TRANSDUCING/COMPUTING SCHEME USING A VECTOR
FIELD COUPLING BETWEEN AIRFRAME & HELMET MOUNTED SIGHT

STRAP-DOWN 3 AX(S RADIATOR

RADIATOR
EXCITATION
se SYSTEM
.—m’?s&—. ELECTRONIC | .
- IwronuATion omr —_—
LOS -
SYSTEM
CONTROL
. PANEL

Figure A.2 Space Synchro Helmet-Mounted
Sight Concept (Ref 30:16)
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in Figure A.3. The excitation of the radiator and the resultant currents
generated in the coils of the sensor by the magnetic dipole field creates
a coupling effect between the radiator and sensor as shown in Figure A.4.
Note that each radiator axis is coupled only to the corresponding sensor
axis. The single axis dipole of Figure A.3 is the nutation axis of the
nutation field created by the excitation of the radiator. This vector is
precisely and continuously defined in the reference coordinate framé:
centered in the radiator, by the currents generated in the senosr coils.
The signals from the sensor are used to compute the angles a and B which
completely define the direction of this "tracking line' or pointing axis

to the sensor (Ref 30:408 and Ref 31:15).

Determination of Position and Orientation. The position and

orientation of the helmet are determined continuously by solving for the
s8ix unknowns shown in Figure A.1, i.e. R, a, B, ¥, ¢, and ¥ . This
solution requires at least six independent measurements. SHMS generates
three pointing vectors at the radiator and makes nine measurements of
these vectors at the sensor, thus supplying the systems electronics
processor with enough information to solve for the six unknowns. In
general, any six of the nine measurements can be used to generate the
solution. The radiator-to-sensor coupling equations (Ref 30) contain
multiple trigometric products and sums. These nonlinear coupling
equations can be reduced to linearized equations in small changes in the
position and orientation of the sensor. This is accomplished by using
the previous measurements of position and orientation to compute rotation
matrices that approximately undo the effects of the large-angle sensor
position and orientation (Ref 30:411). Through these computational
techniques the pilot'a line~-of-sight can be tracked throughout the
mission.
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